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EXECUTIVE SUMMARY

Ion chambers are often employed to measure the concentration of tritium within flowing gases. In real
world environments the active surfaces of ion chambers become covered with tritiated surface contaminants.
This tritiated surface contamination will create a large background response that can mask the signature of
interest, which is the tritium concentration in the gas phase. Previous efforts to reduce the effects of surface
contamination in ion chambers utilize inert coatings (e.g., gold) and low surface area electrodes (e.g., wire
mesh), but this route only reduces the effect and does not necessarily alter the ratio of surface contamination
to current collection area. Additionally, gold coating may add a substantial cost to the instrument. In the
Tritium Facility, ion chambers are periodically cleaned using an alcohol-based process. This process is time
consuming and often leads to ion chamber wear and breakage. In addition, periodic cleaning does not
address tritium level ambiguities in gloveboxes. An ideal solution to this issue would be to either develop
an ion chamber that does not accrue surface contamination, or one that is self-cleaning while it is in
operation.

In this report we investigate LED light illumination (UV to near-infrared) to desorb contamination from ion
chambers while they are in operation, preventing the appearance of the negative effects of surface
contamination. The concept benefits from the rapid improvement in LED technology over the past several
years that affords robust, long-lasting, and powerful light sources that can stimulate desorption and are
widely available at low cost. The project developed the concept of photo-cleaned backgroundless ion
chambers from laboratory investigations of material samples to demonstrating the proof-of-concept in a
tritium environment to the construction and tritium testing of a working prototype. Each testing stage
revealed significant promise for the concept. Prototype testing in tritium environments demonstrated the
main project goal that UV LED integration can be used to promote in situ decontamination of a stainless
steel ion chamber while in operation. In addition to the many benefits of a backgroundless ion chamber,
this result is also notable because it represents a large potential cost saving by negating the need for gold
coatings, and it also suggests that LEDs can be employed to facilitate the detritiation of other stainless-steel
surfaces. Future work should focus on fully developing the prototype for operational service and exploring
other applications that could benefit from hands free, in situ decontamination using LEDs.
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1.0 Introduction

Radiation detectors may suffer from “memory effects.” Memory effects means that the radioactive material
may interact in some way with, and be retained by, the detector. The detector may respond to radioactive
material that is retained, thus providing a response even though the air currently being monitored contains
no radioactive materials. The detector "remembers" the radiation in the previous air [1]. While any radiation
detector may experience memory effects due to surface contamination, the following detectors are well-
known in the literature to experience such effects:

1. Gaseous ionization detectors (ion chambers, proportional counters, Geiger counters) [2, 3],
2. Scintillation detectors, both organic and inorganic [4, 5],
3. Betainduced X-ray spectrometry (BIXS) [6].

In addition, non-radioactive surface contamination from water and absorbed species can negatively affect
radiation detectors. For example, stray current can leak across the surfaces of insulators that are covered
with non-radioactive contamination, leading to higher background signals in gaseous ionization detectors
[7]. Thus, the performance of radiation detectors could be improved and memory effects could be
eliminated by removing both non-radioactive and radioactive contamination from detector surfaces while
in operation.

Ion chambers are often employed to measure the concentration of tritium within flowing gases. The basic
concept is straightforward: tritium decay ionizes background gas molecules, and these ionized molecules
produce a current within an applied electric field. This ionic current is measured providing an electrical
readout of the tritium concentration. However, in real world environments the active surfaces of ion
chambers become covered with a variety of tritiated and easily tritiated surface contaminants. This tritiated
surface contamination will contribute to the measured current of the ion chamber, creating a large
background response that can mask the signature of interest, which is the tritium concentration in the gas
phase. This is the memory effect described above, and it is especially problematic for the detection of
trittum due to isotopic exchange in surface contamination.

Previous efforts to reduce the effects of surface contamination in ion chambers utilize low surface area
electrodes (e.g., wire mesh),[8] but this route only reduces the effect and does not necessarily alter the ratio
of surface contamination to current collection area. Currently, ion chambers in the Tritium facility are
periodically cleaned using an alcohol-based process. This process is time consuming and often leads to ion
chamber wear and breakage. In addition, periodic cleaning does not address tritium level ambiguities in
gloveboxes. An ideal solution to this issue would be to either develop an ion chamber that does not accrue
surface contamination, or one that is self-cleaning while it is in operation. Furthermore, the mechanism
should work equally well for hydrophobic and hydrophilic molecules due to the potential for contamination
from both.

In this report we investigate LED light illumination (UV to near-infrared) to desorb contamination from ion
chambers while they are in operation, preventing the appearance of the negative effects of surface
contamination (Figure 1-1). The concept is based on recently published studies showing that UV light
illumination can been used to remove surface contamination and create atomically clean metal surfaces for
devices.[9, 10] The concept also benefits from the rapid improvement in LED technology over the past
several years that affords robust, long-lasting, and powerful light sources that can stimulate desorption and
are widely available at low cost. We also investigate the potential of metal nanoparticles for this process
since they interact more strongly with light than their bulk counterparts, and therefore, could show a greater
efficiency for photo-removal of surface adsorbed species.[11]
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Figure 1-1. Schematic illustrating the concept of a photo-cleaned ion chamber

The project focused on the development of a working ion chamber with integrated LEDs and subsequent
tritium testing. Therefore, this report will describe the demonstration of the proof-of-concept and the
construction and testing of the prototype ion chamber. Throughout this project the research was augmented
by laboratory experiments of light-material interactions. Summaries of these lab experiments and
representative data are included in the attached appendices.

2.0 Proof-of-Concept Tritium Tests

2.1 Overview

Initial testing of in situ photo-cleaning employed an existing gold coated “bird cage” style of ion chamber
and an existing ion chamber calibration manifold. The calibration manifold was adapted to include a quartz
window for illuminating the ion chamber externally from the side (Figure 2-1). Additionally, a test stand
was assembled to support the new larger vessel that contains the ion chamber and to hold a ThorLabs spot
curing UV LED system. The LED central wavelength is 4 = 365 nm, which outputs a maximum power of
135 mW/cm? at the focus. However, the power delivered in this setup is significantly less since the ion
chamber is placed at large distance from the focus in order to obtain an even spread of light illumination
across its surface.

The basic test procedure consists of exposing the manifold to trace levels of tritium within a nitrogen
background at 1 atm for a set amount of time. Afterward, the tritium source is closed, and the manifold is
purged. The purge gas consists of room air at 1 atm that is pulled in by a vacuum pump. The manifold
contains both a reference ion chamber and a birdcage ion chamber. The birdcage ion chamber is either left
in the dark or illuminated by the UV LED as shown in Figure 2-1 for dark and UV experiments, respectively.
The reference ion chamber is based on a spherical design and remains in the dark for all experiments. The
radiation induced currents for both ion chambers are monitored during the purge procedure by a
picoammeter. The relatively low level of light illumination used in the UV experiments did not induce a
noticeable response in the picoammeter. Initial shakedown tests highlighted the need for minor changes in
the manifold set up (Tests 1 —4). Test 5 and beyond (11 tests were conducted) produced consistent results,
which will be discussed below.
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Figure 2-1. Photographs of the ion chamber test stand: (a) shows the tee-shaped vessel and the
handheld UV system mounts; (b) shows the gold coated ion chamber inside test vessel; and (c)shows
the ion chamber under UV LED illumination

2.2 Results and Discussion

The results of the experiments are presented in Figure 2-2, which plots the ion chamber (IC) current versus
time during the purge procedure for both the UV and dark experiments. The overall change in the IC current
versus time depends on a number of variables including temperature, humidity, previous history, and minor
adjustments at the start of each test. Thus, there are experimental variations which contribute to how
quickly the IC current approaches background in addition to that of UV LED illumination. However, the
UV illuminated purges exhibit a noticeably faster recovery to baseline, except for Test 6, which may have
been affected by a buildup of contamination from the previous five dark experiments.
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Figure 2-2. IC current versus time during the purging experiments (a) under UV LED illumination
and (b) in the dark.
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In all of the plots, the change in the IC current appears to have two different regions: an initial decay region
and a second decay region, with a slightly variable transition between them. The tritium in gas phase is
expected to predominate the signal in the initial decay region as tritium is purged and physiosorbed tritium
is desorbed from surfaces throughout the manifold, including the ion chamber. The tritium contamination
on the ion chamber surface will have a larger effect in the second decay region. For the dark experiments,
the decay in the second region is notably much slower, which is also observed by a characteristic kink in
the plots. This feature is clearly observed in all of the dark experiments, but only subtly in the UV
experiments. It is also observed in dark tests that preceded the UV experiment (Figure 2-3), and thus, is
specific to the dark experiments and not the UV.

1010
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Figure 2-3. IC current versus time during the purging experiments showing the distinctive “kink”
for tests conducted both before and after the UV experiments.

In order to quantitatively compare the results from the experiments, the different data sets were fit to an
exponential decay equation.: I(f) = A Exp[-t/m.] + lo, where 1, is the corresponding decay constant, 4 is a
constant related to the initial current, and /o corresponds with the baseline current The Reference IC current
was fit to a single exponential decay with .t as the decay constant. The birdcage IC current was fit to two
different exponential decays, one covering the first region and the other covering the second, lower current
region. The exponential time constants for these two different regions are 7; and 2, respectively. The fitting
results are presented in the Table 2-1.

Table 2-1. Experimental conditions and decay constants obtained through fitting

UV LED Humidity Tref T Ty T/ Ty Ty | Tyet To [ Tret
(%) (1/min) (1/min) (1/min)

Test 6 On, t= 46.1 1.21+£0.01 234+0.2 29.9+0.1 1.28+0.01 19.2+0.3 24.6+0.3
700s

Test 7 On, t=0s 523 0.73+0.05 8.8+0.2 11.9+01 135+0.03 12.0+0.8 16+1

Test 8 On,t=0s 555 1.0+£0.1 11.1+02 139+0.1 1.25+0.03 111 14 £1

Test 9 Off 57.5 0.89+0.03 146+02 23.1+01 158+0.03 16.6+05 26.2+0.8

Test 10 Off 55.2 0.72+0.03 104+0.3 18.1+0.1 1.73+0.04 144+07 25+1

Test 11 Off 52.2 0.72+0.01 11.3+01 189+0.1 1.67+0.02 157+03 26.2+04
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The experimental variation between each run can be minimized by comparing the different time constants
within each test run. Figure 2-4a plots 7o/7; and demonstrates that the time constants 7; and 7, are more
similar for the UV tests than for the dark tests. This can be seen by visual inspection of Figure 2-3 — there
is a noticeable transition for the dark and not UV. Figure 2-4b compares 7i/zf and shows that the initial
decay region is generally faster for the UV tests and improves with increasing UV exposure. Note that Test

6 had a 700s delay before the UV light was turned on. The dark experiments fluctuate around the same
value. Figure 2-4¢ compares 7./7.r and demonstrates that second decay region when normalized by s is
Again, the dark experiments fluctuate around the same value, while

always faster for the UV tests.
sensitive to surface contamination of the IC.

improvement is observed for increasing UV exposures. The second decay region is expected to be more
e S

A ©)
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Figure 2-4. Comparisons between the different decay constants for the different tests: (a) plots the
second decay region normalized by the first decay region, t2/71, for each run; (b) plots the first

12 6/9
decay region normalized by the reference IC, 1/, for each run; (c) plots the second decay region

normalized by the reference IC, T2/Tr.1, for each run

The results described above are promising and show that a single UV LED mounted on the outside of a test

2.3 Conclusions
assembly can stimulate faster recovery and a lower baseline for a bird cage ion chamber. The observed
effects are attributed to the photo-effects of UV illumination, as the relatively low level of illumination
would not generate any appreciable thermal effects, and are supported by laboratory measurements

(Appendix A) Thus, the proof-of-concept of a photo-cleaned ion chamber has been established.

3.0 Prototype LED Integrated Ion Chamber
The promising results described in Section 2 motivated the construction and assembly of prototype ion
chambers with integrated LEDs that can enable in situ photo-decontamination of the surface. Two ion

3.1 Overview
chambers were constructed, one which could be mounted inside of the test manifold described above and
another that can be installed in a Tritium Facility glovebox for validation within its intended application.

The design of the ion chambers is based on the original bird cage design. However, one notable change is
that the ion chambers will use uncoated stainless-steel surfaces instead of gold coated ones. Gold coating
adds a significant cost (estimated as much as $100k) to the ion chamber construction, which is cost-

3.2 Construction
prohibitive for the current project. Furthermore, demonstrating the ability to photo-clean stainless-steel ion
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chambers using LEDs would represent a large cost savings by reducing the reliance on gold coatings to
achieve low backgrounds and reduce the memory effect of surface contamination.

Figure 3-1. Computer-aided design (CAD) drawing bird cage ion chamber on mounting plate.

The bird cage design has also been updated for two different mounting brackets (Figure 3-1), one for
glovebox testing and one for testing in the calibration manifold. Most importantly, the ion chamber design
was modified to accept LED light integration. In this case, 6 LEDs with center wavelengths of 365 nm are
mounted on the outer plates of the ion chambers. Each plate holds three LEDs place at 120° intervals, with
the opposing plates offset by 60° to ensure uniform coverage on the electrode mesh (Figure 3-2).

Figure 3-2. CAD cross-section of ion chamber inside of testing vessel. Three star-shaped LED
mounts can be seen: one at the top and two at the bottom.
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Each LED is capable of outputs of 810 mW at a minimum with a viewing angle of 130°. The illumination
capacity of the prototypes is intended to far exceed the needed capacity expected for successful operation
since one LED mounted at a distance was capable of generating noticeable results, as described above, and
also exceeds estimates predicted by lab experiments (Appendix B). The idea is that the additional
capabilities of these experimental devices will allow for greater understanding and optimization of the final
device.

The prototypes have been assembled and are ready for testing, as shown in Figure 3-3. The final tritium
testing of the prototypes will be conducted after the completion of this report.

Figure 3-3. Photographs of one of the prototype LED integrated ion chambers during assembly
and at completion



SRNL-STI-
Revision 0

3.3 Tritium Testing

The tritium testing of the prototype followed the same test procedure used for the proof-of-concept,
described in Section 2.1 above. The basic procedure involves exposing the ion chamber to a recirculating
trittum/nitrogen gas mixture, followed by purging using room air pulled through a vacuum and out the stack
to create air flow while maintaining pressure slightly below ambient. Seven purging tests were performed.
The first purge (Test 1) was done under UV illumination, followed by three dark tests (Tests 2 - 4) and
three UV tests (Test 5 — 7). Background measurements were also taken with UV LEDs both on and off to
observe any effects on the steady-state current of the ion chamber, and none were observed.

The data for Tests 1 - 7 are presented in Figure 3-4. The results are similar to those of the proof-of-concept
testing. The dark experiments have similar or increasing background currents for increasing test cycles. In
comparison, each UV exposure reduces the background current, eventually to where the background
disappears. Additionally, the initial UV experiments reach background faster than the dark experiments,
and the UV experiments also achieve a lower base current than the dark experiments. A notable difference
between these experiments and the proof-of-concept experiments (gold coated) is that these demonstrate
the effectiveness of UV LED light for the in-situ decontamination of stainless-steel surfaces.

IC current A IC current A
-10 -0
15x10 2.x10 Test 1
o 15x1070 ) Testd
1. 4 10 r TeSt 6
11070 f Test 7
5.x107" .
Test 3 R
(a) Dark Tests ) (b) UV Tests ,
: ' ' Time s et Time §
500 1000 1500 500 1000 1500
|G current 4
-i0
1510 Test 4 - Dark
o i Test 5- UV
%1077 F Test 7 - UV
5x107"" | ;W%
| (c) Comparison
© i Time s

500 1000 1500

Figure 3-4. Plot of ion chamber current versus time during purging experiments for the (a) dark
and (b) UV LED experiments. (c¢) Direct comparison between selected dark and UV experiments

3.4 Conclusions

Initial tritium testing of the tritium testing of the first LED integrated ion chamber prototype was conducted.
This is the first reported demonstration of this technology concept. The results showed stainless steel
surfaces illuminated by UV LEDs are decontaminated faster than non-illuminated stainless-steel surfaces.
They also demonstrated that the light illumination reduced the accumulation of ion chamber background
signal after exposure to tritium. Thus, the LED integrated system functions as a backgroundless ion
chamber.
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4.0 Summary and Future Work

The project developed the concept of photo-cleaned backgroundless ion chambers from laboratory
investigations of material samples to demonstrating the proof-of-concept in a tritium environment to the
construction and tritium testing of a working prototype. Each testing stage revealed significant promise for
the concept. Prototype testing in tritium environments demonstrated the main project goal that UV LED
integration can be used to promote in situ decontamination of a stainless-steel ion chamber while in
operation. In addition to the many benefits of a backgroundless ion chamber, this result is also notable
because it represents a large potential cost saving by negating the need for gold coatings, and it also suggests
that LEDs can be employed to facilitate the detritiation of other stainless-steel surfaces. Future work should
focus on fully developing the prototype for operational service and exploring other applications that could
benefit from hands free, in situ, and rapid decontamination using LEDs.
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Appendix A. Representative QCM and FTIR Experiments

A quartz crystal microbalance (QCM) system was employed to measure trace amounts of surface adsorbed
species on gold surfaces. QCMs are often used to measure materials at angstrom level (10'° m) thicknesses.
A gold-coated QCM crystal was placed in a vessel and exposed to water vapor saturated (22 °C) flowing
N> gas (200 mL/min), and the QCM signal indicated that water was being deposited on the surface of the
gold. Next, the gold surface was exposed to LED light illumination while in the flowing N> gas and water
vapor. Upon LED light illumination for all wavelengths tested, the mass on the gold surface decreased
dramatically (Figure A-1), indicating that the light was removing the trace amounts of water that had been
adsorbed and absorbed by the gold-coated QCM crystal. Surface water is an important contamination
source for radiation detectors, as described above. Additionally, water contamination is especially
problematic for tritium (radioactive hydrogen) detection, as isotopic exchange will result in non-radioactive
surface water becoming radioactive and producing a background signal (memory effect).
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Figure A-1. (a) QCM trace versus time showing increase in mass on gold surface after water is
introduced. (b) QCM traces versus time showing decrease in mass on a water saturated gold
surface after LEDs with different wavelengths are turned on/off

Carbon contamination is also ubiquitous and can lead to leakage currents and background signals from
isotopic exchange. Thus, a similar experiment was done to test for carbon-based contamination removal.
Mineral oil (a representative, non-volatile hydrocarbon) was pipetted onto the gold-coated QCM crystal,
and then placed in the measurement chamber under flowing N> gas (200 mL/min). Again, the contaminated
gold surface was exposed to LED light illumination while in the flowing N gas. For all wavelengths of
LED light illumination, the mass on the gold surface decreased (Figure A-2), indicating that the light was
removing the hydrocarbon contamination that was deposited onto the gold-coated QCM crystal.

A-1
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Figure A-2. (a) QCM traces versus time showing decrease in mass on a hydrocarbon (mineral oil)
contaminated gold surface after LEDs with different wavelengths are turned on/off. (b) Closer view
of the mass on the gold surface after the LEDs are turned off at 900 s.
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Figure A-3. FTIR of L-cysteine on gold after different UV LED (41 = 365 nm) irradiation times.

Increasing peaks are shown. The spectra are offset to improve clarity.

Fourier-transform infrared (FTIR) spectroscopy can provide insight into the chemical changes occurring in
the surface contamination under LED illumination. Figure A-3 shows the changes in L-cysteine that has

been adsorbed onto a gold surface and exposed to a UV LED light source.

L-cysteine serves as a

representative chemically absorbed carbonaceous contamination source. It chemically adsorbs to gold

surfaces through thiol (gold-sulfur) and amine (gold-nitrogen) bonds.

Therefore, SH, NH, and NH;

vibrational modes are not seen in the FTIR spectra when L-cysteine is chemically bonded to the gold surface.
As seen in Figure A-3, initially these vibrational modes are not seen, indicating that the L-cysteine is

chemically adsorbed on the gold surface.

A-2

As the illumination time increases, these modes reappear,
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revealing that the UV light is breaking the surface chemical bonds of L-cysteine. Figures A-4 and A-5
show the changes in the FTIR spectra in carbon contamination on gold (mineral oil) and stainless steel
(native) surfaces under illumination, respectively. These data confirm the QCM data in showing that the
LED light illumination removes hydrocarbon contamination from different surfaces.
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Figure A-4. (a) FTIR spectra from dark experiment, showing that after 5 hours with no light
exposure, the hydrocarbon peaks from mineral oil remain strong. (b) FTIR spectra from LED
experiment, showing that after 5 hours of UV LED (A = 365 nm) exposure the hydrocarbon peaks
decrease and disappear.
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Figure A-5. Stainless steel coupons contained “native” carbon contamination from processing, as
indicated by CH3 peaks observed in the FTIR spectra. Upon illumination with UV LED (1 =365
nm), these peaks decrease, indicating removal of contamination.
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Appendix B. Necessary Illumination Intensity for Glovebox Conditions

A quartz crystal microbalance (QCM) system was employed to investigate the necessary illumination
conditions to remove surface water from a gold ion chamber surface using a 450 nm LED. A background
concentration of 300 ppm H,O would impart a molecular flux of 3.2 micrograms/cm?® s to any exposed
surface. However, not all H,O molecules striking the surface will remain there, as determined by the
sticking probability of the surface. The sticking probability for gold surfaces is very low, and in our
experiments, we measure it to be § = 5.48 x 10 by measuring the mass gain rate in H,O flow. Thus, at
300 ppm, the necessary H,O removal rate needs to be 1.76 x 10° micrograms/cm? s. For the smallest
experimental value of illumination intensity, 13 mW, we measure a removal rate of 2.28 x 10*
micrograms/cm? s (Figure B-1). Thus, we need to deliver ~ 1 mW/cm? to remove all surface water from a
gold surface at 300 ppm using a 450 nm LED.
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Figure B-1. H,0 removal rate versus 450 nm LED illumination intensity
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Appendix C. Nanoparticle Testing

As described in the introduction, nanoparticles interact with light more strongly than their bulk counterparts,
which can lead to enhanced light absorption and subsequent stronger surface contamination removal
through local heating and photo-chemical effects. Additionally, nanoparticles can shift the response
wavelength to higher or lower wavelengths, depending on their size and structure, which could lead to
effective photo-removal of surface contamination using visible light instead of UV. Thus, nanoparticles
were investigated for their potential use in photo-cleaned ion chambers. Figure C-1 shows representative
scanning electron microscopy (SEM) images of gold nanospheres and gold nanorods, along with their UV-
visible absorption spectra. The gold nanospheres have a single absorption peak around 520 nm. The gold
nanorods have two absorption peaks, one around 520 nm and the other centered around 630 nm,
corresponding with the transverse and longitudinal plasmonic modes, respectively. Note, that these spectra
were obtained in solution and will shift to lower wavelengths in air.

Au nanosphere  Au nanorods

Au nanorods

Figure C-1. SEM images of gold nanospheres and gold nanorods and their UV-visible absorption
spectra.

Gold nanospheres were drop-cast onto the surface of clean gold coated QCM crystals, and the mass uptake
on the surface was measured in N»/H,O flow. The results are presented in Figure C-2. As can be seen the
gold nanosphere surface uptakes water much more quickly than a smooth bulk gold surface. However, the
H,O removal rate was found to be 0.006 pg/cm? s, which is about 10x better than bulk gold. Also, the
optimal wavelength for photo-desorption was found to shifted toward the nanoparticle resonance
wavelength (450 nm versus 365 for bulk gold). Thus, nanoparticles offer the opportunity to adjust and tune
the surface properties of materials for enhanced photo-cleaning.

C-5
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Figure C-2. Measurements of photo-desorption of water from gold nanosphere coated QCM
crystals
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