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TRITIUM GENERATION AND NEUTRON MEASUREMENTS IN Pd-Si
UNDER HIGH DEUTERIUM GAS PRESSURE

T. N. Claytor, D. G. Tuggle, and 11 O. Menlove

Los Alamos National Laboratory, Los Alamos, NM 87545

INTRODUCTION

This paper snmmarizes some of the methods applicable for low level tritinm
detection needed in the search for anomalous fusion in metal hydrides. 1t is also
intended to further detail our tritimm and nentron results that have been obtained
with the Pd-Si-1) system, originally presented at earlicr workshops 2. A measure of
reproducibility that was not evident in onr previons work has been achieved partially
due to the better detection sensitivity afforded by the use of low tritimn denterinn
aud partially Trom the fact that the foil-wafer cells can be made with nearly identical
clectrical charactenisties. “T'lis reproducibility has allowed us to narrow the optinnnm
conditions Tor the experiment. While this experiment is rather dilferent Trom the
"studird” electrolytic cell™*® or the ‘Ti gas hydride experiment®, similarities exist in
that - quilibrinm conditions are songht and the tritinm peneration levels are low
and ner - on emission is extremely weak.  In contrast to many electrochemical cell
expenir.ents, the system nsed in these experinients is completely sealed during,
aperatton and uses no clectrolyte.,

The nijor improvements to the  experiment have been the use of very low
it denterivnm for the hydriding, and the replacement of the alumimun neution
cannter mbes with ones of stainless steel. ‘These changes have aesalted i
pronouneed improvements to the detection systems sinee the backpgronnd tritinmn
tevelin the pas has been redueed by a factor of 300 and the nention hackgronnd s
heen deareiased by a factor of 14,

MATERIALS
The detailed analysis of our materials has been deseribed previonsly.  ‘The
YL denterimm pas had tatinnm levels of 110 10 17 'i/m“ il was 99.39% pine.
Moo impanities fonnd inc the D, me 11, (0.0%%0), 110, O, €O, COL and N, (-
O 1) The new denterinn from Cryopenic Rine Gaises has o titimn level Tess than
oy e CiZimetand s said to e 999955 e incalnmimnn eylinders. To assess the
it level i the laghe pority pas it was necessny to combine the denterimm with



oxygen on a palladium catalyst, collect the water and count the colorless fluid in a
ackard scintillation counter as described later.

The palladium powder was obtained from Englchard and formed by
precipitation from an aqueous solution of Pd(NH,),Cl, using reagent quality
chemicals. This process results in an powder composed of small (0.3 to 0.5 pgm)
spheres that form chains or agglomerates up to 30 pgm in dia. The raw material was
siid to be virgin sponge obtained from a South African mine. ‘The major impurities
in the palladium are oxygen (980 ppn) Chiorine (80 ppim), Nitrogen (65 ppm) and
Carbon (47 ppm), all other major impurities are (each) under 35 ppm by weight. A
total of 512.7 g of palladium powder has been used in the experiments gescribed in
e ) = Ut el ST e il i Various control experiments to test for
tritim contamination. Palladium powder was not rensed in experiments once it had
been removed Tfrom a cell. A total of 43.2 g of palladinm foil from Johnson and
Matthey was used in the foil cells, 044 g of this foil was checked for tritinm
contanination: by dissolition” . “I'he 220 micron thick foils were laser cut and then
annealed at 850 C for 2 hours at 10° torr.  After the dehydride, the foil was
reanpeitled at 850 C and rensed, “These foils have been hydrided, dehydrided and
anncaled seven times and show neither a monotonic deercase or inerease in tritimm
production.

Tritimn contamination in the palladinm was tested by three independent
mcthods, dissomtion and scintillation comting, hydriding and dehydriding and
suspension in a scintillation gel. By these means we can assign an npper limit on
tritinm contamination of 0.02 nlli/g (ic. no tritinm detectable within experimental
cuor). Inaddition, sinee the powder was obtained from a larpe bottle by ponring,
oue wonld expeci that if the bottle was contaminated we would Tind that the tritinm
production wonld be dependent on the amonnt of palladinm nsed in the experiment,
In fact, the two cells with the largest palladinm loads are among, the cells with the
snillest exeess tritimm,

The silicon powder size distribution and morphology has been discussed
previonsly!, however, we are now using a monosized, sieved, intrinsie silicon with a
particle size of 10 10 20 pm. - Added to the silicon powder was 3% (wt) of cither
'VA or Dow XUS 40303 binder. ‘These binders and cthanol solvents were tested for
titivnt contaminaton by dissolving 132 to 460 mg of binder and solvent in water and
placing the resnltant nuxtine ina scintillation cocktad. No titimn eonld be detected
aver bickpround by this neethod. Also, no coants over backpronnd could te detecrsd
when the silicon powder (44 my) was snspended in a sceintillation pel ad counted.

I some eells, Sh doped silicon wafers (0.01 oltm e in resistivity by 0.5 unn
thick disks, 3.07 ¢ disn) obtined from Monsanto were used. Between the silicon
witlers would be placed the 220 jan thick palladinm foil. Becansn of smitiee
ranphiness, the plates wonld only tonel over a small fraction of thein sinbiee e,

FFom types of cells have been made, those with palladinm powder and siticon
powder, thase with palladiv toil and siticon powder, those with palladinm foil and
slicon waters and one with palladinm toil and silicon powder. A typical cell, iade
wdh powders, might contain 12 1o 21 pinns of palladinm in eipht Lwvers (one to two
s per Liver) and oo 8 penns ol silicon distiibuted between seven Livers. Silican
Eovers e vpically 0060 to 20 e thick by 3.F7 e in die while the palladunn



layers vary from 1.16 to 0.48 mm thick by 3.05 cm in dia. for different type cells. The
palladium powder was pressed (11.2 MPa, 2000 psi) into disk form and then oxidized,
in air, at 350 C for 2 hours (weight gain of 0.37%). Layers of alternating palladium
disks and silicon powder were then pressed into a ceramic form at a pressure of 11.2
M?a resulting a density of 26% and 68% of theoretical density for the palladium and
silicon respectively.

TRITIUM MEASUREMENT TECHNIQUES
various techniques exist to detect iritium in the environment and in samples
with a very high sensitivity. ‘These techniques have been condensed and adapted
(rom reference 8 and are compared and summarized in Figures 1 and 2. Since the
morphologices for liguids and solids vary widely, the data in the Fignres I and two are

anly approximate. o
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To deteet it i ligoids cue typicilly nsea a scintill:atioa connter (sncle as
the ackand A T000Y" :ond if additional sensitivity s requitend i water enmiclunent
by electiolysin at 1O CT will vesnlt in enlimesnnent: ol np ta 70 times. the aripinal



concentration. The most sensitive methe relies on the buildup of 3He over a period
ol months and the subscquent detection of the He by a mass spectrometer. IFor
rapid sample turnaround this method is obviously impractical. No other methods
than the scintillation counter need be considered for liquids.
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Fipnre 2. Comparison of tritimm detection methods for tritinm in liquids.

To deteet tritinm in solids, a variety of techniques may be applied depending,
on sensitivity and  sample size and sample condition desired at the end of the
experiment.  If the sample is a powder, snspension of the dilute powder in 2
scintillation gel will give good resnlts althongh for very opagune specimens iisleading
results. For opaque specimens an incrcase in sensitivity can be achieved by the nse
of scintillating inserts in the vial which effectively incre ase the surface arca measnred.
Gas flow proportional connters'™ are the most sensitive method for measurement of
small samples if the samples are to be tested non destrctively.  Semiconducton
avalanche detectors', photopraphie film'2, and the measnrement of beta stinmlated
X ravs are less sensitive methods,

APPARATUS

The primary tritinm measnrement device nsed in this study was a two liter
otzationt pamge in a stainless steel recnenlatiag pas loop containing, a 3109 ¢c
cinbrrtion volume. Gas ionization gages are used eateasively in the detectien ol
Litmm and have heen shown (o be stable, 1eliable and sensitive™. "The instrunent
tejects pulse type radioactive events which elfectively disernminate agginst radon ad
costine tay iomization. "The instnnnent showed pood stability inmeasnring, the tritinm
Fackpronnd in the denterinm pas in over a year of operation with several different
bottles of denterimn (neaxinuun deviation duting, 2 yemmn of + 25%).  Shown in
Fipne 3 s the triitimne measmement time histony for all hackpronnd  tiitinm
merancnents nade with the Overholt ionization pange. Vhe titinm level vanies
tonn 1 ta 60 pCi/or and s aelatively constant for a bottle naless the system i



cleaned. Because of tritium adsorbed on the analysis system walls, the minimum
background for the Overhoff is effcctively 3-4 uCi/m® This memory effect is
commonly found for instruments that have been exposed to tritium containing gases
Tor long periods.
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Fignre 3. Stability of background tritium measurcments for various bottles of
denterinm gas,
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correspond to ionization currents caused by small amounts of adsorbed tritium on
the chamber walls. Absolute calibration was accomplished by inserting the chamber
into a circulating loop containing a standard, calibrated ionization gauge while
circulating various concentrations of tritivin enriched deuterium. Calibration was
verformed at 1welve points from 498 s2Ci/m® to 114 uCi/m? Sensitivity to air
contamination was checked by comparing the response of the meter with denterium
and with deuterium mixed with small amounts of air, no difference was found within
experimental error. ‘The 1esponse of the gauge to a deuterium water vaper mixture
was also measnred showing negligibie effect at low water concentrations ( <38 torr).
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Figure S, Controlled and accidemal tritinm releases at Los Alamos and tritimm
measnrements from solid state cells.,

As previously disenssed, precantions were taken to mitigate the possibility ol
titinm contamination of om materials. "The miajor precantion was to prepare the
sstnples i aaritinn free laboratory, seal the eell and then move it to the Tilling, arca
whiclis mea tritimm handling, area. The cell 'would be attached to a vacnnm system
and then opened to a vacnmm. ‘Therefore, the mside of the ccll was never exposed
to the atmosphere i the tritmm Iaboratory, In any cuse, the atmosphere in the
laboratory was not a factor sinee it was dlways much less than the backrround Tonnd
in the denterinm, I addition, we have compiled the tritinm release data Tor 1os
Alnos, this datais shown in Fipure S wheise it is seen that there is no correlation
with the tnee Enpe releases, which e all accidemtal and hence unpredictable, with
ot titinm findings. “The fapnication area is also located 3.7 km from the nearest
tatinm handhag, ity Al materials andling and assembly work was done with
disposable Tatex ploves and paper bench liners.

The neman detection equipment is sinnlar to that used by Menlove and s
Been thomsehly desenbed elewhere™ ™ Ehe main featme of the cannter



elcctronics are that they provide data on neutron totals (total counts accumulated in
a specified time) and a number designated as reals which are correlated neutron
counts in a 128 us gate. 'The reals counts are indicative of a neutron burst. ‘he
counters and tube cnclosures are environmentally hardened and have shcwn
excellent totals stability in the underground environment in over a year of operation.
‘I'wo significant modifications 1o the counter have been made in the past year. First
the aluminum counter tubes have been replaced by low background stainless tubes
and the counter has been segmented with the addition of a second set of coincidence
clectronics.

To illustrate the magnitude of nnderground backgrounds, in Menlove's
underground laboratory ', the average bacvground totals rate and correlated count
rate was 870 26 /h (24 hr) and 3.0 ¢/h (for correlated counts) while at the
environmentally controlled undergronnd tunnel (1) (15 m deep), we found 701 +6
¢/h and 0.6 ¢/h while for the still deeper tunnel (2) (70 m, overburden density 1.9
g/cc) the rates were 037 +6 ¢/h and 0.15 ¢/h. When the stainless tubes werc
installed the backgronnd totals dropped to 44 + 2 ¢/h and 0.14 ¢/h for tunnel 2 as
shown in IYigure 6.
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FFipure 6. Nentron hackpronnd svnunary for two tunnel locations and effect of low
backpronnd tubes,

The channel comiter was calibrated with o “¥'CT sonree (averape energy = 2.3
MecV) hoth ara eell bady and in the open connter. “The elficiency was 18.5% for the
Bane soutee and 20.0% with the somee in the stinless body which has Euge Hanges
which 1ellected the nentions, snbsegnently imereasing the elliciency.

PROCEDURE
The procedine tor nedading o cell was to Tirst mecasure the backpronnd
it concentiatian e the alentenmm hll pas. Then the loop and eell were
evitenated s the tiitam amalvais loop was filled with fresh denterinm pas at 2



known pressure less than 1000 torr. The tritium level could therefore be measured
in this gas again. The cell was then opened and allowed to absorb the gas. Since the
pressure in the analysis system and the volume of the system is known, an accurate
measure of the gas absorbed by the cell could be made. Subsequent filling with
kLigher pressures al'ow a determination of the amount of deuterinm gas contained in
the cell. A comparison of the predicted amount of gas that should be contained in
the cel' based on the free volume and the amount of palladium and pct curves agrees
within 10 percent. The error is thought to be due to the imprecision of the pet curves
at pressures greater than 7 x 10° Pa (100 psi)'®. An additional advantage of this
filling technique is that after the gas had been let into the cell the remaining gas
could be checked for tritium enrichment or deficit. In all cases that were checked,
we found that the deuterium remaining in the analysis systein had the same tritium
concentration the original fill gas in the analysis bottle to witlun experimental error
+ 3%. After the cell was completely hydrided and removed Irom the loop, another
check of the tritium background of the deuterium gus was made.

After the cell had been filled, it was placed in the nentron counter and a
voltage of 200 to 2500 V gencrated by a Velonex madel 300 pulse gencrator was
applied to the cell. In typical operation, a unipolar, square pulse with a width of at
least 150 ps at a repetition rate of 100 pulses per seccond was used at voltages as high
as possible before breakdown ocanrred, typically 1200 to 2500 V. Currents of up to
S A were used in some experiments. A minimum of 100 hours of pulsing was used,
however in some cases the experiment was terminated carlier than 100 hours due to
sudden electrical breakdown of the cell.

The gas analysis after the electrical pulsing was the reverse of filling.
Background checks were made before and after the dehydride and care was taken
to measire the volume of gas evolved from the cell. ‘The cells initially were opened
to the evacuated analysis system at room temperature but near the cnd of the
dchydride the cells had to be heated to at least 125 ¢ and then opened to the
vacunm of the analysis system to release the remaining deaterinm,

The procedure for the tritimm detection by oxidation and snbsequent
scintillation counting was to first oxidize bydrogen from an uncontaminated cylinder
and collect two, separate, 2 ml samples of water for nse as background saniles.
‘Then the denterinm was oxidized from each of the 1), bottles and again 2 ml samples
were coiiccted in two separate vials, Hydrogen was again oxidized in two more 2 ml
samples to test for tritium holdup and then sample 30 was dehydiided,

One ml of cach of the samples was then placed in 19 ml of Ultima Gold
scintillation cocktail. “These samples as well as standards ( two uncontaminated 11,0
samples, two tritimm standards and twae straight cocktails ) wese counted for 100
minutes on three separate days. The data apree to within t 2 sigma in all cases
except the tritium standard which varied by 2.5 sigma. ‘These results are shown in
Fipure 7 m order of analysis. No tritimm was detected above instiment backgronind
for the standard water or hydrogen samples combined helore or after combining the
deuterim gas. We also show dehydride resnlts vor cell 36 (lilled Trom the Licad
Carbonies cylinder), but hecanse only 40% of the denterinm was recovered from the
cell, we camnot draw a conclusive case for exeess tritimn i this cell even thouph the
level was elevated over that of the Till pas by fonr sipma.
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Figure 7. ‘I'ritium analysis of reveral bottles of low tritium denterium and one solid
state cell (36).

RESULTS
Tritium Measurements

Shown in Figure 8 is a summary of all the tritium results obtained after the
cell designs had become siable and after the background tritinm measurement
technique had become standard. It is clear that the cells fall into dedinite categories
with some exceptions. We find that the tritium output depends on enrrent and that
various types of cells have different efficiencics. A point worth noting is that the
enrrent density axis in Iignre 8 is really current through the cell divided by the cell
arca (8 cam?). In all cases, the actual arca of contact between the silicon and
palladium is a fraction of the 8 cm®  Regardless of this, the contact for a particular
type cell should be relatively constant within that cell type.

Our 1most reproducible cells have been the foil-wafer cells which can have
ncarly identical electrical characteristics from cell to cell. As can be seen in Figure
8, these cells show the least scatter of any cell type. Unfortimately, these also give
the least maount of tritinm generation.

Scveral cells showed current instability which was later determined to be
arcing. When those cells were disassembled surface regions of the powder had heen
melted and pitted over as much as 50% of the surface of the palladinm pellets.
Arcing did not seem to be beneficial to higher tritisnn production. Cells that pave
the most tritimm did not show any obvious degradation due to the current flow.

A signilicant point to note is that the highest amount ol excess tritin fonnd
for the Toil-wafer celts was obtained withhihe low tritinm denterinm and was obtained
after the Toils had been dehydrided and annealed 6 times.  Incomplete deliydrides
and separation elfects wonld have given hipher values with the denterinmm containing
Birper amounts of tritinm. - Any tritium containing, impurity wonld probably have
been exhansted or depleted by exchanpe  duving, the mmncrons anneals md
hivdndings,
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IFigure 8. Tritium production of cells correlated with current density and cell type.

Gireatest tritium generation rates have been achieved with powder-powder
cells with oxidized Pd powder and voltages greater than 800 V at 0.1 A. Originally,
it was thought that the binder used in these powder-powder cells had an effect, but
it was shown that the only effect of the binder was to increase silicon uniformity and
hencee raise the breakdown voltage. In addition, the foil-wafer cells had no binder
or oxidized palladium and yet produced measureable amounts of excess tritium.

FFour hydrogen control cells have been made by either the usual method with
layers between silicon or by simply pressing 12 to 30 g of virgin palladium powder
into the ceramic form and then hydriding with hydrogen and subsequently
dehydriding to test for contamination intrinsic to the palladium. All of these tests
give a positive excess tritium result from 6 to 12 nCi total. This can be attributed to
the effect of water and hydrogen gas in displacing small amounts of ‘TDO from the
ionization chamber and system walls. This ‘TDO finds it's way to the ionization
chamber and sticks in the chamber until the system is evacnated. ‘Therefore, this
“excess” canot be readsorbed by the palladium bed as is the case wah the tritium
in the denterivin gas.  These control cells also do not show the same dehydriding,
signatnre charactenistic for the denterided material. When palladinm is denterided
mnd then dehydrided after a short period of time as seen for those cells that have
shacted ont (16, 23, 31), one finds cither a very small excess tritimm or none at all
withiin experimental error.

Three cells 28, 33 and 35 have been run at low enrrents or high voltages for
meater than 60 hours and then dehydrided. Small amounts of excess tritimn or none
within experimental error was found. “These cells were then rehydrided and operated
at hipgher currents for periods of up ot 300 honrs with the result that up to 7 times
more exvess tritimm was found after the longer mns at higher enrrent.

An analysis of the dehydriding behavior of the cells reveals that in all eases
the excess tritinm is evolved when the palladinm is dehydvided. 1t the tritinm was
stowly diftusing, ont of the container walls or ceramic insulator sleeve or othe



materials, we would expect to find more tritium than we do in the gas overpressure.
If the ionization species was not tritium gas but some other isotope (or cven
DO, THO), we would not be able to reabsorb the tritium back onto the palladium
bed reversibly as we are able to do with the deuterium containing samples.

While in the majority of cases the amount of excess tritium is small, in cell 20
the excess amount of tritinm was 540 times the maximum amount found by the
dissolntion checks and it was 2.2 times the total amount of tritium contained in all
of the denterinm gas nsed to hydride this cell. Figure 8 indicates that there is a wide
range in tritium production rates. It is reasonable to assume that future
improvements in the maximuin rate will be possible. The greatest rate, achieved
1eproducibly, equates to a generation of 3.4 x 10° tritium atoms per sccond.
Obviously if neutrons were generated at parity with tritium one would expect to
casily detect neutrons.

Neutron Detection

O gnevions experiments™? have indicated that there is an anomalously low
value for remrons detected to tritium produced (< 4 x 109). Since we have attained
a reproducible but small teitinm generation rate, we have been striving to make the
neutron sensitivity equivalent to that of the tritium detectior apparatus. We
anticipate that our improved nentron sensitivity illustrated in Figure 6 will make it
possible to detect a nentron signal that is unambiguously above zero.

Shown in Table 1 is a summary of all of the neutron data that have been
collected since the conmter was moved to the tunnels. Three locations are shown,
with slightly different backgronnds. The first entry in Table 1 compares all tritinm
producing cells (in the group 17 through 24.5) with the current applied to the
background which was composed of non tritinm producing cells, hydrogen contiol
cells and time when no current was applicd o the cclls. There is seen to be a slight
excess ol counts with this comparison.  ‘This can be compared to the other
foreground background measurcments of 24.5-29 and 30-3S where there is practically
na difference between the foregronnd and the background and the tritinm production
is quite low compared to that of cells 17-24.5.

‘The colnmn histed as reals/hr and total reals/hr differ in that the reals/hr ouly
counts singles cvents (two nentrons detected). ‘The total reals/hr includes all singles
and higher uniltiplicity events. It appears that excess neutrons occur primarily as
single nentron events (totals) and rarely as bursts (reals/hr). No bursts to rival the
Ihdreds of nentrons detected from the titiminm cells have ever been seen from
these palladinm experiments even thongh this particular nentron counter has heen
nsed Tor some of the titanium measurements that have deteeted large bursts.

The set of cells 24.5 throngh 29 was compared t - two different backpronnds,
one backpround  was indicative of the neatron backgronnd  with a denterinm
containing, cell mahie connter but with the current off, ‘The other backpronnd was
obtained by inclndiny, data from dammy (palladinm, steel) cells. “i'his backpronnd
vitties by more from the previous background than the variation in the Torepromud
to the imitiad ackpronnd.  However, the total variation over some 2400 hons iy,
most, only 0.41%: indicating, the excellent long, (erm stability of these conters.
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[ Cri NO's Location {  Conditions | _Excess | Hours | Tolals/Ir | Reals /e { Tolal
I Tnnum (Swgles) | Reals/lr

17245 | Cenler | Foreground (currcotapplied) | 374+20 | 8106 | 7079 | o441 | ocsy

Tunnal 1 | iritlum g producmg ellsoly 1 o _ _

] _Background (no cuuenl) and . | 8293 700.3 0.434 0.6ua

__non lmlum p(oducmg cclls _

'245.29 | Han Foreground(current applied) |~ 39 :10 | 837 ; 7139 0607 099
. R in

| _ Background (no cutent) 9588 | 7129 | o054 0735

. Background (no curreat) and 1560 7108 0.576 0nm

dammy cclls

3035 | Cenier | Foreground {curent applied) | 65016 | b78.b | 6w 0.084 a1
Tuuuelz T | .
' Bickgeound inxl darheny 343 i 137.2 oy Q10
cells l

b o —— (S PN,

Table 1. Snmmary of nentron daia for three tmnel locations ard a comparison of
tritinm generation rates with the nentron ontpnt.

Care should be taken in the interpretation of this data (especially that of the
rcals) since the counters conld be subject to drift over these long periods and a few
very high correlated connts can skew the results significantly.  Regardless of these
caveats, this data is self consistent and consistent with onr other measnrements.

If the nentron to tritinm partition ratio is = 4 x 109, this implies that we
should be able to see a nentron totals of S sigma over backpromnd in 24 honrs at a
tritium production of 0.5 nCi/h with our new nentron bhackground.  From Iiprre 8
it can be seen that a tritinm production rate ol 0.5 nCi/h has been achieved several
times,  owever, sinee these mbes were installed only a few months apo, we liive
been able to min one cell with the new tubes and that cell showed no exeess nentron
ontput and pave a tritimm ontput of less than 0.01 nCi/h, “Tims, at this point, the
results Trom the new tbes are consistent with the nentron ontput,

CONCLUSIONS

A reproducible method of iritinm generation has been demanstiated. “The
titimn outpnt scales with the carrent applied to varions conligniations of the cells,
The tritimm yield is found to depend strongly on the type of pallodinm metal nsed
(powder or foil) and it may be expectea that other paciineters that ave not heen
investignted  thoronghly  will have similar effects. Vanions tests for tritinm
contamination conlirm that there is little chance of initial titiin contamination i
the powder, foil o1 other materials nsed i this stndy. “The titim and nention
results are sell consistent, and consistent with other reports, THawever, more seasitive
nention measimements are egnited to pive a definitive nention ciission resnlt.
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