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ABSTRACT

A cart-portable mass spectrometer (MS) has been developed by the Oak Ridge National Laboratory
project for the NNSA Office of Nonproliferation and Arms Control. The cart portable MS system is based
on a Thermo ITQ ion trap mass spectrometer (referred to simply as the ITQ) and is designed for the field
analysis of 2°U/?®U ratios in UFs. Experiments have revealed that combining CO, with UFs and
introducing the mixture to the MS appeared to increase the ionization efficiency and, thus, reduce the
amount of UF4 needed for an analysis while also reducing the corrosive effects of the sample on internal
MS components. However, initial results indicated that mixing parameters should be closely controlled to
ensure reproducible results. To this end, a sample manifold (SM) that would ensure the precise mixing of
UF¢ and CO, was designed and constructed. A number of experiments were conducted to determine
optimum SM and MS conditions which would provide the most stable isotope ratio analysis. The
principal objective of the project was to deliver a retrofit ITQ mass spectrometer operating with a SM
capable of achieving a variation in precision of less than 1% over 1 hour of sampling. Data was acquired
with that demonstrated the desired precision with a measured variation of 0.5 to 0.8% over 1 hour of
sampling for multiple sample runs.

1. INTRODUCTION

Several project tasks conducted at Oak Ridge National Laboratory over several years were aimed at
developing a cart portable MS for deployment and analysis of UFg in field settings. Prior tasks in the
project have included:

e minimizing instrument power requirements by reducing the size of the pumping system
e incorporating a smaller vacuum chamber for the analyzer
e and incorporating the support gases within the MS housing envelope

In previous project studies, electron capture negative ion (ECI) detection of UFg was shown to provide a
much better analytical result than the positive electron impact (EI) mode, as it minimized fragmentation
of the analyte and eliminated mass spectral interference due to reaction products of trapped ions with
residual neutral species such as water vapor. A more recent analytical development involved
incorporation of CO, into the UFg sample, with CO, acting both as an electron moderating agent and a
dilution gas. Early experiments with added CO, were promising, although no complete study of the
effects and benefits was made at that time. To fully characterize the benefits of CO, as an addition gas, an
SM was suggested as a means of easily controlling mixing and introduction of the samples to the MS.

Project goals recommended through interaction with personnel from the Nondestructive Assay Section of
the International Atomic Energy Agency (IAEA) are summarized in Table 1.

Table 1. Project goals

1. Sample manifold should be designed and tested

a. Accommodate one sample and two certified references of UFg

b. Support preparation of a sampling volume at fixed pressure

c. Support dilution in CO, at a prescribed rate

d. Tightly control sample flow to the mass spectrometer

e. Support removal of HF as necessary
2. Systematically explore variability of the isotope ratio vs all identified parameters
3. Identify optimized reproducible operating parameters




4. Develop software tools to automate data reduction and QA analysis of results
5. Develop and validate a robust procedure for field use
6. Demonstrate in Vienna — train final users

This project began in 2015 with the support of the Safeguards Technology Development Sub-Program
(SGTech) in the NNSA Office of Nonproliferation and Arms Control.

2. PROJECT DESCRIPTION

The ORNL project was designed to accommodate IAEA requests, and included the following elements.

1.

ITQ Retrofit (purchased instrument) and checkout: Outfit the new ITQ with all modifications,
including a custom ¥a-sized vacuum chamber, He gas supply, and modified pumping system. Test the
new instrument with surrogate gases and then with UFg to confirm it matches specifications of the
original instrument and can operate in negative ion detection mode.

Design/Construction of UF; Sample Manifold: Construct a manifold with adequate mixing
volumes, vacuum system, inlets for two standards and a sample, and a CO, source in order to
accurately and consistently mix CO, with UF4 standards and samples before introducing them to the
ITQ. Performance test, characterize, and use the manifold as a sample source for the instrument
optimization in Task 3.

Instrument Tuning/Optimization: Tune and optimize the ITQ instrument parameters which were
identified as needing control/optimization during the September 2015 IAEA visit. These parameters
include RF ramp rate, RF sample rate, mass range, CO,/UF; ratio, microscans, temperature, sample
pressure, He pressure, multiplier life/voltage, and lon volume selection. This was the most labor
intensive portion of the project and required extensive access to the ORNL UFg test loops or stand-
alone use of the SM from Task 2. The latter option was highly desirable, as it provided unfettered
access to UFg samples for parameter characterization. It is worth noting that without reducing the
amount of corrosive UFg sample needed and mixing it with CO,, this task could have consumed a
number of both filaments and electron multipliers.

Gas Absorbent in Vacuum: Reduce the amount of extraneous UFs and HF in the vacuum system to
significantly extend the lifetime of the electron multiplier by introducing porous stainless steel
containers holding activated alumina, which acts as an absorbent of UFs and HF.

Independent CO, Introduction/Filament Protection: Develop a hardware method for filament
protection via independent CO2 introduction directly over the filament and into the ion volume. If
CO, is flowed over the filament and into the ion volume (after UFs sample introduction), the
corresponding reduction in exposure to UFs/HF could increase filament lifetimes substantially.

Software Development/Data Output: Customize software for post-processing and report output .
The original source code is provided by Thermo in their Software Development Kit (SDK) to
facilitate software modifications.



3. PROTOTYPE AND LABORATORY SETUP

ITQ Retrofit: A Thermo ITQ instrument (ITQ) was purchased, parts for the modified design — a ¥4 size
vacuum chamber, He gas supply, and modified pumping system — were fabricated and incorporated into
the ITQ. The modified instrument (Figure 1) was tested and confirmed to function well in normal
operating modes using the instrument calibration gas. The weight of the as-configured MS is 80 Ibs —
down from 150 Ibs. for the COTS system (which includes a rotary vane vacuum pump).

e i




Figure 1. Cart portable mass spectrometer—retrofit: (a) side view, (b) side view—modified vacuum chamber,
(c) front end—cover removed, vacuum system, (d) back view, () modified analyzer—end view, (f) modified
analyzer—side view.

Design/Construction of UFs Sample Manifold (SM): The purpose of the SM, as previously stated, is to
allow mixing CO, with UFs samples and standards in a regimented fashion, followed by release of the
mixed gas to the MS (Figure 2). Initial experiments indicated a significant benefit from using this mixture
but were not extensive enough to specify the optimum ratio of CO,:UFs.

The SM was initially designed with input from IAEA personnel to meet their requested specifications.
The SM incorporated one sample mixing chamber (with provision for UFs sample input from a P-10 tube
or other suitable container) and one standard mixing chamber (with provision for input from two separate
UF, standards contained in P-10 tubes or comparable containers).

Two UFg standards—one at a low ratio of 2°U/?*®U and another at a higher ratio—were desirable for
system calibration in order to encompass anticipated ratios of 2*U/?U seen in the field. Analytical
results then could be used to more accurately calculate the **U/*®U ratio of field samples.

Because of the complexity of the SM pneumatics and valving, the use of solenoid valves was preferred
for automated operation (Figure 3) to ensure reproducibility of sample and standard introduction and
precise incorporation of the CO, mixing gas. Three candidate solenoid valves,

e Brooks V122 proportional control valve,
o MKS 248A proportional control valve, and
e Gems AS 2012 solenoid valve,

were tested by personnel at the ORNL UF; Test Loop. These tests included leak from the atmosphere,
leak across the seat after n (n=10, 25, 100) on-off cycles during exposure to UFg, and N, leak across the
seat after completion of all cycles. As all valves qualified in the testing, the decision was made to
purchase and incorporate the Gems valves, as they were the most economical option.

A Siemens programmable logic controller (PLC) was added to the SM to automate sequencing of the
solenoid valves. The PLC was programmed to initiate the valve sequences for each of the sequence
functions shown in Table 2, which were used to prepare the SM for operation, mix the standard(s) or
sample with CO,, introduce the mix to the MS, clear the SM and MS of residual UFg, and enter an SM
shutdown mode.

A system for an N, fill of the manifold at shutdown was added to ensure maintenance of a dry system
during downtime and storage so as to minimize formation of HF from any residual UF; interaction with
water vapor.

The SM was completed with programming of the PLC for automated operation of the unit (Figure 4).
Upon completion of system checkout, the SM was placed under vacuum and the pneumatics were heated

to remove water vapor and any other volatile impurities and to ensure a clean, dry system prior to
operation. The estimated weight of the SM is 75 Ibs.
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Table 2. PLC sequences for valve control and sample manifold operation

Sequence Time/ Time/ Time/ Time/ Time/
Function Sequence 1 Condition Sequence 2 Condition Sequence 3 Condition Sequence 4 Condition Sequence 5 Condition
Vacuum Openl,2,5 |0.01 mTorr| CloseAll
Clearance |7,8,9, 10,
12.
HF Openl, 2,5, Pulse 6, 11, 50 ms Pulse 6, 11, 100 ms Pulse 6, 11, 250 ms Open 6,11, | 0.01 mTorr
Removal 10, 12 13 13 13 13
Sample Mix | Open 6 3000 ms Close 6, 3000 ms Close 5, 65 ms Close 4
Open 5 Open 4
Sampleto |Open7,14 5 min. Close 7, 14
MS
Sample Open5,7,14 Pulse 2 50, 100, Open 8 0.01 mTorr | Close All
Cleanout 250 ms
Standard 1 |Open 11 3000 ms Close 11, 3000 ms Close 10, 65 ms Close 3
Mix Open 10 Open 3
Standard 1 |Open9, 14 5 min. Close 9, 14
to MS
Standard Open 9, 10, Pulse 1 50, 100, Open 8 0.01 mTorr | Close All
Cleanout 12, 14 250 ms
Standard 2 |Open 13 3000 ms Close 13, 3000 ms Close 12, 65 ms Close 3
Mix Open 12 Open 3
Standard 2 |Open 9, 14 5 min. Close 9, 14
to MS
Shutdown |Open 3, 4,7, Pulse 15 1000 ms Close All

8,9,10,12




(d)

Figure 4. Sample manifold internals: (a) manifold—front view, (b) manifold—Ieft side view, (c) manifold—
right side view, (d) manifold—back view.

Instrument Tuning/Optimization: Due to limited availability of the UF, test loop systems, a Material
Balance Area (MBA) was set up to allow for analysis of UFs (Figure 5), and experiments for this task
were conducted over a period of a month. A total of 46 experiments were completed (Appendix A).



Figure 5. Cart portable MS (left) and sample manifold (right) in MBA hood.

4. EXPERIMENTAL DESIGN AND TESTING

The ion volume, as designed by Thermo, is a reaction chamber external to the ion trap analyzer in which
the sample is introduced and reacted with either an electron beam or reactant ions generated by an
electron beam. For this study, the sample was introduced and reacted with CO," ions generated by the
electron beam. The CO, gas also moderated (slowed) the electrons in the beam to enhance attachment of
the electrons to the UFs. Differences in the ion volumes are the size of the entry port for the electron beam
and the size of the exit port for the ion transfer to the analyzer. For CI lon Volumes, the e” beam entry port
is very small (0.016 in.) and the exit port is relatively small (0.032 in.). For El lon VVolumes, the e beam
entry is around 0.062 in. and the exit end is fully open (0.368 in.).

The selection of the ion volume did not seem to affect the precision of the instrument as good precision
was achieved on all three ion volumes used in experiments. More experiments with the El ion volume
when paired with the MDC Vacuum Products (MDC) sample introduction valve are desirable and might
yield a tighter precision for the experiments.

Mass Range: As part of the ITQ’s analytical capabilities, the mass range is software selectable to cover
any portion of 10-650 amu. The spectral response for UFg by electron capture negative ECI analysis is in
the range of 330-352 amu. Experimental values for the mass range were 200-400, 100-500, 100-650,
50-650, and 30-650 amu. As experimentally determined, wider mass ranges typically yielded less
variation in precision with time over the 1 hour period. The ideal mass range for UFg analysis was found
to be 50-650 amu.

Number of Microscans: Each recorded scan of a spectrum in a data file is composed of 1-50
microscans, which are full-spectrum sweeps that are averaged together by the instrument software.



Experimental values for the number of microscans were 5, 10, 20, and 50. Based on the experimental
data, 50 microscans yielded the best instrument precision.

CO,:UF4 Ratio: Experimental values of the CO,:UF; ratio were 5, 10, and 20. A ratio of 20:1 CO, to UF;
gave the best precision in the experiments. Ratios of CO, to UFg of 30:1 or even 50:1 may improve
precision further and should be investigated in the future.

Electron Multiplier (EM) Condition: The EM is the analyzer element most sensitive to the corrosive
effects of UFs and HF. The active surface is composed of a leaded glass which tends to be hygroscopic.
The EM manufacturer encourages initial heating of the EM under vacuum for at least an hour to eliminate
water vapor which may have accumulated on the active face. This option was not available during the
month of experiments due to the use of alternate instrument configurations but should be implemented to
improve EM lifetime and stability, which would contribute to better measurement precision.

In the 46 experiments conducted, seven EMs were used. Newly replaced EMs correlated with better
measurement precision.

Filament Condition: The MS filament condition did not appear to have an appreciable effect on
measurement precision. In fact, the filament was only changed once during the month of experiments.
This is a significant improvement over previous experience involving the analysis of UFg without the
addition of CO,, in which filaments often failed after a few days (or less) of use. Filament operation
values (electron energy = 70 eV, emission current = 250 YHA) were the same for all experiments.

lonization Time: The ionization time is the amount of time the filament is turned on to generate ions in
the trap at the beginning of each microscan and is set by the instrument control software.

Variations in ionization time used in these experiments did not appear to affect instrument precision
significantly, with the exception that too few ions in the trap greatly increased the variation in precision.
Measured values were from 1-16 milliseconds. The best ionization time was found to be 2—

4 milliseconds. The caveat to these observations is that an ionization time which floods the analyzer with
too large an ion population will likely cause space charging and lead to loss of peak resolution.

Number of lons: The ion trap analyzer, which is the heart of the ITQ, is designed to trap a body of ions
within a mass-to-charge ratio range selected by the instrument control software. The ion cloud is
kinetically cooled with helium gas added to the trap to enable the storage of more ions in the volume of
the trap than would normally be permitted without cooling. However, exceeding that limit (estimated to
be 5 x 10°%) will cause “space charging” interactions between the ions—in which excess electric charge
acts as a continuum over the volume rather than distinct ion charges—Ileading to reduced mass resolution
in the analysis.

The number of ions being analyzed affected the precision (i.e., increased its variation) only when it
dipped below 2 x 10° total ion current (TIC). A TIC of 5 x 10° to 4 x 10° seemed to be adequate. Too
large a TIC (6 x 108 or greater) affected the peak resolution through space charging.

Helium Pressure: As mentioned above, helium is used in the analyzer to kinetically cool the trapped
ions, permitting a greater number to be retained and thereby facilitating an enhanced instrument dynamic
range.

Variations in helium pressure (as measured by the instrument ion gauge) in the MS during analysis did
not seem to have much effect on the variation in measurement precision. Measured helium pressure
values ranged from 7 x 10° Torr to 2.5 x 10” Torr. Based on the limited testing for this parameter, a



suitable value would probably be ~1 x 10” Torr, to maximize the lifetime of the helium charge in the
instrument.

UFs Sample Pressure: This value is controlled by the “leak” rate of the sample into the MS and affects
the number of ions generated as well as the amount of corrosive gas in the analyzer.

Similar to helium pressure, sample pressures also did not appear to have a significant effect on instrument
precision variation. Measured sample pressure values ranged from 2 x 10° Torr to 4.5 x 10” Torr. Given

that a sample pressure of 2 x 10°® Torr yielded an adequate ion population — and that less sample is better,
to limit corrosive effects — minimal amounts (2 x 10°® Torr) of sample gas were selected for MS analyses.

Sample Introduction Valve: Several different methods of sample introduction were tested, including a
fixed leak using a length of 0.1-mm-ID fused-silica capillary, a Porter fine metering valve, and an MDC
MLV all-metal ultra-high-vacuum leak valve. The fixed length capillary was used as the initial method
due to its simplicity and ease of replacement. However, it tended to attenuate the amount of sample
introduced, possibly due to adsorption/reaction of UFg by/with the inner capillary surface. The Porter
valve was used next, but the slight variations in sample pressure contributed to precision variations. The
MDC valve used at a fixed setting proved to be the most stable means of sample introduction. It was left
open at a very small, fixed leak value. The sample was introduced to the MS through the MDC sample
introduction valve, controlled by the SM, and then removed from the MS by pumping remaining sample
away through the SM.

RF Sample and Ramp Rates are parameters controlling the electric field which, in turn, controls (or
filters) ions traveling to the analyzer according to their mass-to-charge ratio. These rates were fixed for
the entirety of the study as a review of UFg data collected in the fall of 2015 indicated that the default
instrument parameters gave the best results.

Software Development/Data Output: Although the Thermo XCalibur Tune software source code is
available, the file format for the *.raw data files generated by the MS is closely held by Thermo. To deal
with this, the project workaround, due to the inability to access the data file format, was to develop a rapid
post-processing program which would reduce the data and generate the appropriate isotope ratios after
completion of the analysis. This program was completed and is ready for use.

5. RESULTS AND DISCUSSION

Forty-six experiments (Appendix A) were conducted to optimize instrument and experiment conditions
and to determine instrument precision. The variation in precision was calculated by summing the areas for
25UFs and ?8UFs for each of the five minute experiments and calculating a ratio of those values, then
developing the average and population standard deviation for the sum of the ratios in the six (6) five
minute experiments. A reproducible variation in precision of 0.8% over 1 hour was achieved, with a
credible 0.5% value achieved near the end of experiments. One experiment achieved 0.3% precision
variation over an hour experiment but could not be duplicated within the project deadline (i.e., without
further optimization of system operating parameters). Each 1 hour analysis consisted of 5 minutes of
sample introduction to the MS followed by 5 minutes of blank, with this sequence repeated five times.
The MS was operating continually during the 1 hour experiment. In early experiments, sample
introduction was done one time for each experiment, indicated in Appendix A by Fresh or Same in the
Sample column. In later experiments, a fresh sample introduction was done for each 5 minute exposure
within the experiment. This is indicated in the Sample column by Multi. Figure 6 shows the spectra of
#®UFs at m/z 330 and ***UFs at m/z 333 from a 1 hour analysis of 3% enriched UFg. Each spectrum

10



represents the sum of the data averaged over 5 minutes of sample introduced to the MS. In this particular
experiment, the variation in precision was 0.8% over the hour of experimentation. Figure 7 shows the ion

current intensity for mass-to-charge (m/z) 330 (*UFs’) and m/z 333 (***UFs) during the same

experiment. The signal baseline (at zero) between each sample introduction is indicative of a complete
lack of response (i.e., response to any between-sample residual during introduction of blank samples) for
these masses, as the MS was fully operational throughout the experiment.

335
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Figure 6. Spectra from 1 hour sample experiment.
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Figure 7. lon intensity plots for ?°U and *®U for 1 hour experiment.

These experiments confirmed the performance of the SM for sample mixing and introduction to the MS.
Experiments were also conducted to confirm no sample/standard memory effects or cross-contamination
in the SM (Figure 8). As in all other experiments, the MS was continuously operating during this
experiment. A baseline response simply indicates the complete absence of the ions of interest —and no
sample cross-contamination — during periods of no sample introduction. That is, when a UFg sample is
removed from the manifold, it is completely undetectable.

In addition, the ease of use of the SM is such that once the sample and standards are in place, all other
operations can be fully automated. For instance, a sequence can be initiated simultaneously on the MS
and the SM such that a blank is acquired on the MS, followed by a 5 minute exposure to a standard from
the SM, followed by another blank, followed by a 5 minute exposure to a sample from the SM, and
completed by another blank/separate standard/blank sequence. This overall experiment can be repeated
several times if desired. An operator can place the sample and standards on the SM, initiate the sequence
on the instrumentation, and return 1 hour later when the whole sampling and analysis process is complete.

Using the timing sequences available on the PLC, very precise and reproducible aliquots of UFg and CO,

were introduced into the SM for mixing, followed by analysis by the MS for all the experiments in this
study.
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Figure 8. Experiment to monitor sample manifold carry-over.

One of the benefits of UF analysis by MS/SM is the extremely small amount of sample required. At a
sample pressure in the MS of 1 x 10” Torr, with a dilution factor of 20:1 (CO, to UF¢), the amount of UFg
input into the MS in a 5 minute sample cycle is approximately 10 g.

6. PATHFORWARD

The project schedule did not allow full characterization of all parameters which affect instrument
precision. Several experimental variables would benefit from more characterization and may help drive
the variation in analytical precision well below the 0/5 — 0.8% currently achieved on a reliable basis:

1. The El ion volume may provide better results than were initially indicated in experiments in which it
was used.

2. The EM effects on precision are not fully understood. EM behavior in the 46 experiments was more
variable than expected and may be indicative of either variations in individual units or perhaps lack of
conditioning prior to actual use.

3. Chamber heating effects (benefits of removal of water vapor from surfaces and from the EM) should
be more fully characterized.
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4. The effects of alumina adsorbent traps in the MS were not fully characterized in this study. They
appeared to extend the life of the EM, although the amount of the extension was not determined. They
also complicated initial MS pump-down, due to the gradual desorption of water vapor from the
adsorbent. Overall, they appeared to be beneficial and their analytical effects and cost/benefits should
be studied more fully.

5. Helium introduction through dynode shield to reduce the partial pressure of neutral UFg in this
portion of the vacuum chamber.

6. It was demonstrated that the filament life is extended substantially, and adequately, through the use of
a 20:1 ratio of CO,:UFs in the sample gas mix. However, the effects of an independent introduction of
CO, bath gas on the filament assembly — an easily implemented feature to extend the filament
lifetime further — was not characterized in this study.

7. SUMMARY

In conclusion, a commercially available Thermo ITQ MS has been retrofit for field deployment and
analysis of UFg. The unit has a smaller, heated vacuum chamber, an upgraded, low-power pumping
system, and a self-contained support gas (helium) system. The system has been tested and operated both
in tuning/checkout mode and in analysis of UFg by negative ECI operation.

A SM has been designed and completed per IAEA specifications for field analysis of UFs using CO,
mixing gas. The SM includes full automation of gas introduction to the MS for analysis of both UF field
samples and two distinct UFg standards. It incorporates low-power solenoid valves and a modular
controller and power supplies. Performance of the SM in the laboratory over a month of testing has
confirmed that it meets all necessary operating specifications.

All essential tasks have been completed to deliver a cart portable MS and a SM, and the project goal of
1% or less variation in analytical precision over an hour of sampling has been achieved. Onsite/field
analysis and reporting of UFg isotope ratios can now be accomplished using the combination of MS/SM
developed in this project.

14
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APPENDIX A

Sample amu | uscans | CO2 | EM (V) CE) I\rf g | Fil |ton Vol fj:g; (u:c?rr) (uL'IJ'E:ir) S?r?t]fc:e S‘?'r;p?ele Valve 1£|Sogr Notes

9-2-16 S1 | 100-500 | 20 20:1 1300 New | New El 3 1x5 2.3x5 | Fresh Nat Porter 0.3

9-2-16 S2 | 50-650 20 20:1 1300 El 3 1x5 2.3x5 | Same Nat Porter 2.3

9-2-16 S3 | 200-400 | 20 20:1 1300 El 3 1x5 2.3x5 | Same Nat Porter 35

9-2-16 S4 | 200-400 | 20 20:1 1300 El 3 1x5 2.3x5 | Fresh Nat Porter 1.7

9-6-16 S1 | 50-650 20 20:1 1500 El 3 1.2x5 | 2.3x5 | Fresh Nat Porter Data File Corrupted

9-6-16 S2 | 50-650 20 10:1 1500 El 3 1.2x5 | 1.7x5 | Fresh Nat Porter 3

9-7-16 S1 | 50-650 20 5:1 1500 El 3 1.2x5 | 1.7x5 | Fresh Nat Porter 5.2

9-7-16 S2 | 50-650 10 20:1 1500 El 3 1.7x5 | 2.2x5 | Fresh Nat Porter 1.6*

9-7-16 S3 | 50-650 5 20:1 1500 El 3 1.7x5 | 1.2x5 | Fresh Nat Porter 3

9-12-16 S1 | 50-650 20 20:1 1300 New El 3 1.2x5 | 1.4x5 | Fresh Nat Porter 4

9-13-16 S1 |100-500 | 20 20:1 1300 El 3 1.1x5 | 2.5x5 | Fresh Nat Porter 5.2

9-13-16 S2 | 100-500 | 20 20:1 1300 El 3 1.1x5 | 2.5x5 | Fresh Nat Porter 10.5 OldPCV14

9-13-16 S3 | 100-500 | 20 20:1 1300 El 3 1.5x5 | 2.1x5 | Fresh 3% Porter 7.4

9-13-16 S4 |100-500 | 20 20:1 1400 El 3 1.5x5 | 2.1x5 | Fresh 5% Porter 1.3

9-14-16 S1 | 50-650 20 20:1 1300 New El 3 1.6x5 2x5 Multi All MDC Carryover study

9-14-16 S2 | 50-650 50 20:1 1300 El 3 1.6x5 2x5 None None MDC Carryover check

9-14-16 S3 | 50-650 50 20:1 1300 El 3 1.4x5 | 2.3x5 | Multi |Nat,5%| MDC Carryover study

9-15-16 S1 | 100-500 | 50 20:1 1300 El 3 1.1x5 | 1.9x5 | Fresh Nat MDC 1.9

9-16-16 S1 | 100-500 | 50 20:1 1500 Clmod | 3 1.2x5 | 1.5x5 | Fresh 3% MDC 3

9-16-16 S2 | 100-500 | 50 20:1 1500 Cl mod 3 9%6 9%6 Multi 3% MDC 0.8 Began using fixed
value on sample
valve

9-16-16 S3 | 100-500 | 20 20:1 1500 Clmod | 3 1x5 1x5 Multi 3% MDC 1.3

9-19-16 S1 | 100-500 | 50 20:1 1500 Cl mod 3 2.5x5 1x5 Multi 3% MDC 0.8

9-19-16 S2 | 100-500 | 50 20:1 1500 Cl mod 3 2.5x5 1x5 Multi 3% MDC 0.8

9-19-16 S3 | 50-650 50 20:1 1500 Clmod | 3 2.5x5 1x5 Multi 3% MDC 0.5

9-20-16 S1 | 50-650 50 20:1 1300 New Clmod | 3 1.2x5 1x5 Multi 3% MDC 4

9-20-16 S2 | 50-650 50 20:1 1300 Cl mod 1 1.2x5 1x5 Multi 3% MDC 1.6
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lon

Sample amu |uscans | CO2 EM CEo I\él d Fil lon Vol '{rlnn;;e (p'?(frr) (pL'IJ'E?'r) Sﬁ:’t‘fo'e S_?_r;g;e Valve 1;505‘ " | Notes
9-21-16 S1 | 100-500| 50 20:1 1300 Cl mod 1 1.3x5 | 1.2x5 | Multi 5% MDC 3.6
9-21-16 S2 | 100-400| 50 20:1 1300 Cl mod 1 1.3x5 1x5 Multi 5% MDC short
9-21-16 S4 | 30-650 50 20:1 1500 Cl mod 2 1.3x5 | 1.2x5 | Multi Nat MDC 2.8
9-22-16 NS1 | 100-500 | 50 20:1 1350 Cl mod 3 7x6 3.1x5 | Multi 3% MDC 1 Modified ITQ
9-22-16 NS2 | 100-500 | 50 20:1 1350 Cl mod 3 76 2.2x5 | Multi 3% MDC 9.2 Modified ITQ
9-26-16 NS1 | 100-500 | 50 20:1 1350 Cl mod 3 8x6 45x5 | Multi 3% MDC 4 Modified ITQ
9-26-16 S1 | 100-500 | 50 20:1 1500 Cl mod 3 1.6x5 1x5 Multi 3% MDC 5.3
9-28-16 S1 | 100-500 | 50 20:1 1300 New | New | CI mod 3 1.9x5 | 1.4x5 | Multi 3% MDC (2.6) 30 min
9-28-16 S2 | 100-500 | 50 20:1 1300 Cl mod 3 1.9x5 | 1.8x5 | Multi 3% MDC 2
9-28-16 S3 | 100-500 | 50 20:1 | 1300/1500 Cl mod 2 2.1x5 | 1.6x5 | Multi 3% MDC 3.2 abbrev
9-28-16 S4 | 100-500 | 50 20:1 1400 New Cl mod 2 2.3x5 2x6 Multi 3% MDC 2.6
9-29-16 S1 | 100-500 | 50 20:1 1400 Cl mod 2 1.8x5 3x6 Multi 3% MDC 1.9
9-29-16 S2 | 100-500 | 50 20:1 1400 Cl mod 2 2.3x5 5x6 Multi 3% MDC 1.4
9-29-16 S3 | 100-650 | 50 20:1 1400 Cl mod 3 2x5 5x6 Multi 3% MDC 6.1
9-29-16 S4 | 100-650 | 50 20:1 1500 Cl mod 3 2.3x5 5x6 Multi 3% MDC Data File Corrupted
9-30-16 S1 | 100-500 | 50 20:1 1300 New EI/CI 3 2.2x5 5x6 Multi 3% MDC 2.7
9-30-16 S2 | 100-500 | 50 20:1 1300 EI/CI 3 2.2x5 3x6 Multi 3% MDC 1
9-30-16 S3 | 100-500 | 50 20:1 1300 EI/CI 3 2.2x5 3x6 Multi 3% MDC 1.8
9-30-16 S4 SIM 50 20:1 1300 EI/CI 3 2.2x5 3x6 Multi 3% MDC 6.7 Single lon

Monitoring +/- 1

9-30-16 S5 SIM 50 20:1 1300 EI/CI 3 2.2x5 9%6 Multi 3% MDC (0.8) Single lon

Monitoring +/- 0.5
(over 40 min.)
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