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Abstract

A method is described for determination of fluorine in reference materials by chopped beam cold neutron prompt gamma-
ray activation analysis (CB-CNPGAA). The chopper cycle is set to 11 s on/off to match the ¢,,, of 20F, To reduce systematic
error, the F mass is measured as the ratio to a comparator element, either Ca or Cl. The F mass fraction is then calculated
by multiplying this ratio by the mass fraction of the comparator element. The method is used to measure F in SRMs 1486
Bone Meal, 1400 Bone Ash, 1566a Oyster Tissue, and 2695 Fluorine in Vegetation.
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Fluorine analysis

Introduction

Fluorine is a highly reactive element that is present in an
abundance of industrial and natural materials, including
ores, soils, drinking water, toothpaste, fertilizers, and phar-
maceuticals [1]. Unfortunately, the determination of fluo-
rine in materials is not always straightforward. Destructive
methods, which include potentiometry (ion selective elec-
trode), spectrophotometry, and ion chromatography require
dissolution of samples, which may result in contamination
and losses, especially since fluorine may complex with other
elements to form weakly soluble sediments or polyfluoride
complexes [1]. Moreover, fluorine is often difficult to meas-
ure by nondestructive methods at very low levels. Instrumen-
tal neutron activation analysis (INAA) using irradiation by
in-core reactor neutrons has been used to measure fluorine
at levels above 100 mg/kg [2], but measurement at lower
levels is more difficult to achieve, in part due to the short
half-life of 2°F (t;,=11 s) from the YF(n, v)*°F reaction,
which necessitates rapid transport out of the reactor core for
counting following irradiation. Fluorine may be determined
by prompt neutron capture gamma ray activation analysis
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(PGAA), either through the measurement of fluorine prompt
peaks, or most often the 2°F 1633 keV decay gamma ray
which also appears in the spectrum. However, the detection
limit is poor, as the high prompt gamma background due to
Compton scattering overwhelms fluorine prompt and decay
peaks at F mass fractions below about 1%. Better detec-
tion limits have been reported for measurement of F follow-
ing irradiation by deuterons (19F(d,p)20F) [3] and protons
("F(p,ay)'®0)) [4], however these methods require access
to an accelerator facility.

Detection limits for some elements measured by PGAA,
have shown improvement with the application of a beam
chopper. [5, 6]. The neutron beam is “chopped” by opening
and closing a shutter composed of a highly neutron absorb-
ing material at regular intervals. For each analysis, two
spectra are collected: a prompt plus decay (full) gamma-ray
spectrum, collected when the beam is open, and a decay
gamma-ray spectrum, collected when the beam is closed.
Data are collected over many chopper cycles.

A beam chopper using a °LiF absorber, was installed
at the NIST Center for Neutron Research cold neutron
guide hall, at the neutron guide (NG)D cold neutron (CN)
PGAA spectrometer [7] and successfully used to measure
"Se (t,;,=17.36 s) and '°™Yb (t,,=0.0682 s) in test sam-
ples [8]. More recently, the SLiF absorber was replaced by
boron-10 aluminum alloy (boral) and the chopper was used
to measure F levels in polyethylene in the 100-1000 mg/
kg mass fraction range [9]. For the F measurements, the
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chopper cycle was set to 11 s on/off to match the t;,, of
2OF, Nearly 2000 chopper cycles were needed to measure
F at the 100 mg/kg level. Figure 1 shows the presence of
the 2°F peak in the decay spectrum (bottom) obtained in
the F in filter paper standard, while this peak is obscured
by the background in the full spectrum (top). Quantitative
analyses in this case were performed by measuring prepared
F standards on filter paper in the same protocol as the poly-
ethylene samples. F mass fractions from 100 to 1000 mg/kg
in the polyethylene matrix were determined, with relative
uncertainties from 25% (100 mg/kg, 18 h count time) to 5%
(1000 mg/kg, 6 h count time).

For the current investigation, we use the experimental
setup previously used for F measurements [9] to investigate
the potential for chopped beam (CB)-CNPGAA for deter-
mination and possible certification of F in Standard Refer-
ence Materials (SRMs). Reference materials with fluorine
at> 100 mg/kg levels are analyzed, and our values are com-
pared with the value given on the NIST certificate of analy-
sis (COA) for the SRM as well as literature values.

Experimental
Measurement plan

Samples were measured at the NIST Center for Neutron
Research (NCNR) using the CB- CNPGAA setup at NGD
described above. Neutrons are chilled by passage through
a liquid hydrogen cold source at 20 K to achieve a thermal
equivalent neutron flux of 6.5x 10° cm=2 s~!. To minimize
matrix effects from scattering and absorption of cold neu-
trons, the method of ratios was used [10], which takes advan-
tage of the fact that, while the measured gamma-ray signal

for a given element depends heavily on the composition
and geometry of the sample, the ratio of the signal for that
element relative to another (comparator) element remains
constant. This method has been used previously in the meas-
urement of sulfur, carbon, nitrogen, and other elements [11,
12] by PGAA. In those investigations, the element of inter-
est was measured relative to a comparator element (often
hydrogen or another element abundant in the sample matrix)
by CNPGAA, while the comparator element was measured
by thermal neutron (TN)PGAA, with the measurements
carried out at vertical tube (VT)5 with a neutron flux of
3x10% cm=2 57! [13]. Although the CNPGAA spectrometer
has 15-20 times better sensitivity for most elements mak-
ing it possible to measure elements at lower levels and in
significantly less time than TNPGAA, sensitivities are more
difficult to calibrate in CNPGAA than in TNPGAA due to
more complex and severe matrix effects arising from scatter-
ing of cold neutrons in samples [14—16]. Thus, ratios were
measured by CNPGAA, and the comparator element was
measured by TNPGAA using matrix and geometry matched
standards. The combined CNPGAA and TNPGAA measure-
ments were used to determine the mass fraction(s) of the
element(s) of interest.

In this investigation, measurement of fluorine by PGAA
is carried out using a similar 2 step process. First, the mass
ratio of F relative to a comparator element, X (X=Cl for
SRMs 1566a Oyster Tissue and 2695 Fluorine in Vegetation
(High Level), and Ca for SRMs 1400 Bone Ash and 1486
Bone Meal) is measured at NGD by CB-CNPGAA. This
ratio is then multiplied by the mass fraction of the com-
parator element, either using the certified value (for SRMs
1400, 1486, and 1566a), or as measured by TNPGAA (for
SMR 2695), to obtain the mass fraction of F in the reference
material.

Fig.1 An example of the 7
chopped-beam PGAA applica-
tion: F in filter paper. Spectra
were acquired with the chopper
cycle set to 11 s on/off to
match the ¢#;,, of 2 for nearly 10°
2000 chopper cycles. The
prompt + decay (full) spectrum 4
is shown on top with the decay
spectrum at the bottom
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Preparation of samples and standards

SRMs measured in this investigation are given in Table 1,
along with certified and noncertified values for F. For
measurement of F/X ratios in reference materials by CB-
CNPGAA, approximately 1500-2000 mg of each reference
material was pressed into a 13 mm diameter pellet using a
stainless steel die and hydraulic press. Pellets were sealed
into bags prepared from Mylar film (polyethylene terephtha-
late, Goodfellow, 0.023 mm thickness). For measurement of
Cl by TNPGAA in SRM 2695, approximately 750 mg of the
material was pelletized as described above, with the pellets
sealed into bags of FEP Teflon film.

Standards for ratio measurements by CB-CNPGAA were
prepared from mixtures of compounds containing both F
and the comparator element. Standards for measurement of
F/Ca ratios in SRM 1400 Bone Ash and SRM 1486 Bone
Meal were prepared by weighing portions of lithium fluoride
(LiF), Fisher Certified Reagent, 99.98% purity (based on
assay of chloride, sulfate, barium, and heavy metals), SRM
915b Calcium Carbonate (CaCOj5, with calcium certified at
(40.0104 +0.0083) %), and graphite (Spectrographic Ser-
vices, 100 mesh, all impurities assayed at <1 mg/kg) into
a mixing vial and shaking in a Spex Mixer Mill for 30 min.
Lithium fluoride was chosen because it is more stable (not
as hygroscopic) than other fluorides (e.g. NaF, KF), and
graphite was necessary as a binder for pellet production.
Previous analyses of the LiF, CaCO;, and graphite by PGAA
have indicated a lack of any measurable impurities, includ-
ing hydrogen, above the ppm level, indicating the absence
of moisture. Three 300 mg portions of this mixture were
pressed into pellets and sealed into bags of Mylar film. To
study the effect of dead time on the F/Ca sensitivity ratio
(see below), additional standards were prepared by adding
small amounts of B,C to the LiF/CaCOs/graphite mixture to
create higher count rates with higher dead times.

Standards for measurement of F/Cl sensitivity ratios for
determination of F in SRM 2695 Fluorine in Vegetation
(high level) and SRM 1566 Oyster Tissue by CB-CNPGAA

were prepared by mixing ammonium chloride (NH,CI, BA
Reagent, 99.8% NH,CI assay), and LiF and graphite of the
previously mentioned purities. Ammonium chloride was
chosen here instead of chlorides containing sodium or potas-
sium to avoid interference peaks from these elements. Stand-
ards were prepared by adding 0.25 g of a solution contain-
ing 63.7 mg/g of NH,Cl to each of two mixtures of lithium
fluoride and graphite (prepared in the mixer mill). After air
drying, the contents of the vials were remixed as described
above, and three 500 mg pellets prepared from each mixture,
with the pellets then sealed into Mylar bags.

Since SRM 2695 is certified for fluorine only, it was nec-
essary to measure the comparator element, Cl, by TNPGAA.
Calibration of Cl sensitivity by TNPGAA was performed
using data from urea and NH,CI pellets. The procedure is
described in more detail below.

PGAA measurements

For measurement of F relative to comparator elements by
CB-CNPGAA, samples and standards in Mylar bags were
irradiated in the chopped beam at NGD while suspended by
Mpylar strings between the prongs of an aluminum sample
fork. Based on an earlier study [8], where the optimized duty
cycle was set at 50/50, with the period matching the half life
of the isotope of interest, the chopper cycle was setto 11 s
on/off to match the t;, of *°F. A Fourier transform study of
the time series obtained in the list mode data indicated that
the chopper cycle is reproducible within 1 ms (unpublished
data). Decay and prompt gamma rays were measured using
a high purity germanium detector in conjunction with a digi-
tal signal analyzer. Decay and full spectra up to 11 MeV
were collected using commercial software on a computer
workstation. Standards were irradiated for a few hours
each (<1 day), and samples for 1 to 3 days. No background
spectrum was taken of an empty Mylar bag with the chop-
per operating, however, a background spectrum was taken
with an empty chamber without the bag, with the chopper
at closed position (representing the phase when the decay

Table 1 Materials analyzed for
fluorine by CB-CNPGAA

Material F mass fraction on cer-  Notes
tificate (mg/kg)

SRM 1486 bone meal 800 Information value based on dry mass

SRM 1400 bone ash 1250 Noncertified value based on dry mass

SRM 2695 fluorine in vegeta- 277 +27 Certified value based on results for NIST and

tion, high level six cooperating laboratories, based on

Colorimetric alizarin measurement following
fusion and microdistillation from sulfuric
acid
Titration with thorium nitrate following
fusion and distillation

SRM 1566a oyster tissue 240 Noncertified value based on dry mass
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spectrum would be measured). The latter did not show any
F peak. There were no sources of fluorine in or around the
beam during these experiments, so the F background level
was assumed to be zero.

For measurement of Cl in SRM 2695 by TNPGAA, sam-
ples in Teflon bags were mounted in Teflon strings between
the prongs of an aluminum holder. Irradiation times at VT5
were from approximately 30 min to 2 h to obtain counting
statistics of < 1%. The Cl sensitivity was determined indi-
rectly. Because these materials contain large amounts of
H, and CI sensitivity varies with both H content and pellet
thickness, the H sensitivity (cps/mg) was first determined
by measurement of SRM 915b Urea pellets with thickness
bracketing the sample pellets. A thin pellet of NH,Cl was
then used to determine the H/Cl sensitivity ratio (cps/mg H
/ cps/mg Cl), and the Cl sensitivity (cps/mg) determined by
combining the urea and NH,C] measurements. The method
was verified by measurement of CI in RM (Reference Mate-
rial) 8414 Bovine Muscle Powder, where a chlorine value
of (0.195 +£0.005) % (dry mass basis following instructions
on the COA) was measured in agreement with the certi-
fied value of (0.188 +0.015) % within the measurement
uncertainty.

Data analysis
SRM 1486 bone meal and SRM 1400 bone ash

Fluorine mass fractions were determined with Ca as the
comparator element. The F/Ca count rate ratio was deter-
mined by CB-CNPGAA using the F 1633 keV peak in the
decay spectrum, and the Ca 1942 keV prompt peak in the
full spectrum. Relative uncertainties from counting sta-
tistics for the F peak ranged from 5 to 7% for Bone Ash
samples, and 8% to 9% for Bone Meal. Integrations were
performed using the following peak integration software:
the Genie interactive peak fit from Mirion/Canberra, Peak-
Easy (available for free download from Los Alamos National
Laboratory at https://peakeasy.lanl.gov/) and Hypermet PC
(developed at the former Hungarian Institute of Isotopes in
Budapest, and available free at https://www.iki.kfki.hu/nucle
ar/hypc/index_en.shtml). For all samples measured, the aver-
age of the count rates obtained from the three peak integra-
tion methods was used in the determination of fluorine. For
each sample measured, the standard deviation of the count
rates from the three peak integration methods was smaller
than the counting statistics of the F peak.

Count rates for F decay peaks and Ca prompt peaks for
all samples and standards were corrected for live time using
equations given in the Supplemental Infomation section. This
is vital because the live corrections are different for decay
and full (prompt) spectra data. The accuracy of the live time
corrections was confirmed by investigating the effect of live
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time correction on the F/Ca sensitivity ratios, calculated as
(cps/mg F decay) / (cps/mg Ca prompt), determined from the
standards. F/Ca sensitivity ratios determined using count rate
data uncorrected for live time are plotted against % dead time
(DT) in Fig. 2, where

%DT=100*<1——

RT

LT) 0

LT (live time) is the live counting time, and RT is the actual
counting time (real time). The uncorrected data show a strong
linear increase in F/Ca ratio with dead time. F/Ca sensitiv-
ity ratios determined using live time corrected count rates are
plotted against dead time in Fig. 3. The corrected data indicate
no dead-time dependence, as F/Ca ratios measured at all dead
times are equivalent within the measurement uncertainties.

The F/Ca mass ratio for each sample was calculated using
the live time corrected F/Ca count rate ratio for the samples
and the average live time corrected F/Ca sensitivity ratio (SR)
calculated from standards data, via the following equations:

< cps F decay )sample
mg F cps Ca prompt (2)
Sample =
mg Ca SR (average)
and SR for each standard is calculated as
< cps F decay )
mg F
( cps Ca prompt ) ( )
mg Ca

To determine the F mass fraction of each sample, the
mass ratio was multiplied by the certified Ca mass fraction
(in mg/kg) given on the COA to give mass fraction in mg/kg.
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Fig.2 F/Ca sensitivity (calculated using Eq. 3, using F decay and Ca
prompt data with no live time corrections for F and Ca counts rates)
vs % dead time. The ratio shows a heavy dependence on dead time
(DT) (see Eq. 1)
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Fig.3 F/Ca sensitivity ratio, calculated using Eq. 3 using live time
corrected F decay data and Ca prompt data, plotted vs % dead time
(DT, determined by Eq. 1). Little or no dependence on dead time is
observed after the corrections are applied

SRM 2695 fluoride in vegetation and SRM 1566a oyster
tissue

Fluorine was determined in these materials using Cl as the
comparator element. The F/CI count rate ratio was deter-
mined by CB-CNPGAA by integrating the F 1633 keV
peak in the decay spectrum, and the CI 787 keV dou-
blet in the full spectrum using software described above.
Relative uncertainties from counting statistics for the F
peak ranged from 18 to 33%. F/Cl sensitivity ratio was
determined from LiF/CaCO,/graphite/NH,CI standards,
with F (decay) and CI (prompt) count rates for samples
and standards corrected for live time. The F/CI mass ratio
for each sample was calculated as:

( cps F decay

sample
cps Cl prompt > P

“

mg F
sample =
mg CI SR (average)

where the sensitivity ratio, SR, for each standard is calcu-
lated as:

cps F decay
mg F
cps Cl prompt
mg Cl

SR = ®)

To determine the F mass fraction of each sample, the
F/C1 mass ratio was multiplied by either the certified Cl
mass fraction (for SRM 1566a) or and the CI value meas-
ured by TNPGAA (for SRM 2695).

Results and discussion

Table 2 gives F mass fractions for all 4 SRMs calculated
using live time corrected data, along with NIST noncerti-
fied and certified values and values found in the chemical
literature. Means and standard deviations for F measure-
ments were weighted on the basis of counting statistics,
resulting in high uncertainties. Our fluorine value of
(898 +44) mg/kg is 12% higher than the noncertified value
of 800 mg/kg given on the COA for SRM 1486. However,
Sastri et. al. [17] reported a value of (890 +25) mg/kg
measured by particle-induced gamma-ray emission, and F
values measured by McNeill et. al. [18] by NAA are also
significantly higher than the NIST noncertified value. For
SRM 1400, our value of (1270 +44) mg/kg is 2% higher
than the NIST noncertified value of 1250 mg/kg, but in
agreement within the measurement uncertainty. For the
materials analyzed using Cl as a comparator element, our
mean value of (302 +39) mg/kg for SRM 1566a is about
25% higher than the NIST noncertified value of 240 mg/
kg, however higher values in better agreement with ours
have been reported in the literature. Of the materials ana-
lyzed, only SRM 2695 was certified for fluorine. Our value
of (344 +44) mg/kg is about 25% higher than the certi-
fied value, however Dhorge et. al. [19] reported F values
in agreement with the NIST certified value, measured by
particle induced gamma emission.

Evaluation of our method is hindered by the poor count-
ing statistics obtained by CB-CNPGAA. In general, our
values are (2 to 25) % higher than NIST noncertified and
certified values, with a larger bias observed for F at lower
levels. There appears to be a possible systematic bias,
with larger discrepancies at lower mass fractions, shown
in Fig. 4, in a linear dependence. It is unlikely that the bias
arises from inaccurate live time correction of the data, as
live time corrected F/Ca sensitivity data do not show a bias
as a function of dead time, however there may be other
reasons for the low level bias, such as the presence of low
level interference peaks. This bias needs to be evaluated
further in the future, possibly using a different method of
calibration for fluorine sensitivities, such as the method of
standard additions for fluorine.

To further evaluate whether the difference in live time
correction between the full and decay spectra may result in
bias, a second attempt was made to determine F using only
data given in the CB-CNPGAA decay spectra. In this case,
the 2°F count rate determined from the decay spectrum was
ratioed to other peaks in the decay spectrum, either to “*Ca
or *8CI. The F to comparator element ratio determined in
this manner was multiplied by the mass fraction of the
comparator element to obtain F mass fraction as described
previously. Although an abundance of counts of **Ca or
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Table 2 F mass fractions calculated by CB-PGAA using corrected F decay and Ca and Cl prompt count rates compared with certificate values

Sample cps F+uncertainty Compar-  Mass fraction mg/kg Weighted mean and  F value from F values from lit. (mg/
(from counting atorele-  comparator ele- F from SD of PGAA values  certificate (mg/ kg)
statistics) ment ment (%) PGAA in mg/kg kg)

SRM 1486 bone meal

1 0.0159+8% Ca 26.58+0.24¢ 893 898 +44 800NC 890+25 [17];

2 0.0157+8.8% 896 850+42,856+34 [18]

3 0.0155+9.1% 906

SRM 1400 bone ash

1 0.0253+5.3% Ca 38.18+0.13¢ 1299 1270+ 44 1250N¢ No data

2 0.0245+6.8% 1196

3 0.0225+6.1% 1314

SRM 2695 fluoride in vegetation (high level)

1 0.00456 + 18% Cl 0.2723+0.0019" 342 344+44 277+27¢ 284 +13,277+27 [19]

2 0.00349 +33% 363

3 0.00406 +22% 339

SRM 1566a oyster tissue

1 0.00314+18% Cl 0.829+0.014° 269 290+39 240N¢ 280+ 10 [20];

2 0.00398 + 19% 311 <[52(;][21]; 282+59

NCNoncertified value. “Certified value. TMean and standard deviation of four samples measured by TNPGAA

30%

- SRM 344

£ 75y Yses— SRM 2695

@

E %20%

° >

E 215%
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bl =-0.0002x + 0.3286 +8-SRM 1400
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o
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Q

F mass fraction (mg/kg)

Fig.4 The difference between measured values and the reference
or certified values as a function of mass fraction. The discrepancies
appear to be systematic, not explained by statistical uncertainty

38Cl were present in the spectra of the samples, the stand-
ards were not run long enough to accumulate sufficient
counts for these nuclides, resulting in poor counting statis-
tics (on the order of 10%) for 49Ca and 3Cl. Nevertheless,
F values determined in this fashion were comparable to
values obtained using ratios determined from decay and
prompt data, but with poorer uncertainties (see Table S1,
Supplemental Information). If the comparator method is
used for future measurements, standards should be counted
long enough to optimize counting statistics for any decay
peaks for comparator elements.

Limits of detection for F measured in these and similar
materials by CNPGAA and CB-CNPGAA were calculated
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using an equation derived from the works of Currie [23]
and Jaklevic and Walter [24]:

1

4.65(%)’
LOD = % ©

where R), is the background counting rate (counts-s™1), ¢ is
the duration of the count (s), and S is the fluorine sensitiv-
ity in counts-s™'-mg~2. For a 1.5 g to 2 g sample irradiated
between 2 and 3 days, a fluorine detection limit of approxi-
mately 1100 mg/kg was determined for CNPGAA without
the beam chopper, while for the same size sample, measured
for a similar period of time by CB-CNPGAA, the detection
limit is reduced to about 65 mg/kg, an improvement of more
than a factor of 16.

A large source of uncertainty stems from the poor
counting statistics for the F peak. Improvement in count-
ing statistics uncertainties and detection limits is needed
before the technique can be established as a viable method
for certification of F in SRMs at levels below 0.1%. The
current measurements were made with our standard setup
for CNPGAA at NGD, using a 40% efficiency germanium
detector, with a sample to detector distance of approxi-
mately 50 cm. To achieve better counting statistics, the
sample to detector distance will have to be significantly
decreased and/or a larger detector with higher efficiency
installed.
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Conclusions

Chopped beam CNPGAA was used to measure fluorine in
biological reference materials at levels ranging from 250
to 1250 mg/kg. The method yields a limit of detection for
F of around 65 mg/kg, a 16-fold improvement over what
can be measured by CNPGAA without the beam chopper.
Although comparable or better limits of detection limit may
be achieved by in-reactor INAA, the CB-PGAA method
avoids the necessity of rapid post irradiation transport
between beam irradiation tube and detector.

Although promising, the method will have to be further
vetted for systematic errors before it can be viable for F
certification. Additional improvements, such as the use of
larger detectors with shorter sample-to-detector distances,
will be employed to improve counting statistics to obtain
better detection limits and to reduce irradiation times. The
application of Compton suppression to reduce the signal to
noise ratio in the decay spectrum will also be investigated
by using list mode data acquisition [8].

In addition to the ratio method, other methods of F cali-
bration will be employed to investigate the systematic bias.
One possibility is to use the method of standard additions,
i.e. measuring standards containing different amounts of a
fluoride SRM standard solution absorbed on a matrix match-
ing the samples..
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