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ABSTRACT

Three methods for incorporation of tritium into the

phosphor/aerogel matrix have been demonstrated: .1.) Adsorption of

T O by the aerogel, 2 ) Incorporation of tritiated organic into

t_e pores of the aerogel and 3.) Isotopic exchange of tritium from

T z gas for the H residing on the surface of the aerogel.

Adsorption of TzC) produces the brightest light (4.4 fL) to date but

the tritium is loosely bound. Incorporation of tritiated organics
into the pores of the aerogel produces less that theoretical

luminance and intensity diminishes rapidly due to precipitation and

darkening of the organic from radiation damage. Isotopic exchange

produces a stable lamp by tritiating H sites on the surface of the

aerogel. A lamp with stable luminance of i.i fL has been produced;

a theoretical limit for a mono-layer coverage of the aerogel
surface is 2 to 3 fL.

INTRODUCTION

The concept of a volumetric light source [i] and the process

for making phosphor dispersed in aerogel matrices [2] are

described elsewhere in these proceedings. In this paper we
describe three methods for incorporation of tritium into the

phosphor/aerogel matrix to make a solid state volumetric light
source. The three methods for tritiation that have been achieved

are: i.) Adsorption of TzO by the aerogel, 2.) Incorporation of
tritiated organic into the pores of the aerogel and 3,) Isotopic

exchange of tritium from Tz gas for the H residing on the surface

of the aerogel as -OH and -CzH 5.

EXPERIMENTAL AND RESULTS

Phosphor/Aerogel Preparation

The silica aerogel that supports the phosphor is very hygroscopic;
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efforts were therefore made to minimize water absorption during

handling and before the samples were exposed to tritium in any

form. ZnS /aet,gel samples for exposure to T2 gas were evacuated
by turbomolecular- or cryo-pumping and in some cases heated to

130°C while pumping. Samples of ZnS/aerogel that were loaded with

tritiated water (T20) or tritiated organic were evacuated with a
rotary vane pump to <50 millitorr pressure at 22°C and 150°C,

respectively, for i hour.

J

_T2_OAdsorption

As noted above, aet,gels are known to absorb water readily from

the atmosphere. Water molecules are believed to physisorb on the

hydroxylated surfaces within the material via hydrogen bonding.

Because the specific surface _ area of the material is large,

approximately 600 m2/g, substantial sorption of T20 was expected
for exposure to T20 vapor. This property was used advantageously
in this set of experiments.

EXPERIMENT T20#I: Several small shards of aerogel/phosphor (0.5
g(ZnS)/cm3), maximum dimension 3 mm, were evacuated as noted and

opened to the vapors of a supply of freshly al,gassed liquid T_O.

Over four hours, light output increased from 0.0 to 2.3 Zt-

Lambert, and at 19 hours brightness reached 4.6 ft-Lambert. At

this time it was noted that ca. 30% shrinkage of the sample shards

had occurred, presumably because of some hydrolysis of the silica

network. No further shrinkage was observed beyond this time.

Output was followed for 20 days, as shown in Figure I. Brightness
was reasonably stable while the sample was in direct communication

with the main T20 supply, but when the valve between the sample and
supply was closed, output dropped by a factor of ca. 2. Reopening

the valve restored the brightness within 8 hours, On the 20th day,

T20 was cry,pumped from sample back to supply for 19 hours (to 0.8

ft-Lambert) _, then removed under dynamic vacuum from the rotary pump
for 5 hours to <50 millitorr and 0.3 ft-Lambert.

EXPERIMENT T20#2: Four aerogel cubes each measuring 6mm on a side,

3 with ZnS phosphor loadings of 0.5, 0.75, and 1.0 g/cm 3, and one

blank (no _ phosphor) , were placed into a vacuum envelope and

evacuated as noted above. They were then opened to freshly

degassed T20 and observed for 28 days (see Figure i). Within 20
hours the samples attained an output of 1.8 ft-Lambert. Over the

next 3 days, output fell to 30% of this value, but recovered by day
12. Brightness remained essentially unperturbed tl_ereafter, even

though at day 18 the valve between samples and T20 supply was shut.
Brightness of the 0.5 and 0.75 g (ZnS)/cm 3 samples remained

equivalent throughout the experiment, but that of the i. 0

g(ZnS)/cm 3 material was generally lower by 10-30%. By day 18 a

darkening of the blank aerogel sample under the radiation field of

adsorbed T20 was observed. On day 27, return of T20 to the supply
via cry,pumping was begun; 40 hours of this procedure caused

brightness levels of aerogels to decrease by ca. 50%. Warming the

samples to 100°C for 5 hours while cry,pumping then caused light



to decrease to 0.2 ft-Lambert. Further warming to 400°C for 5

hours caused all light emission to be extinguished; some graying

of the normal yellow coloration of the phosphor-loaded_ samples and
ca. 10% shrinkage of the 0.5 g(ZnS)/cm 3 sample al_o appeared.

Blackening and 25% shrinkage of the blank was observed.

OrGanic Triti_um Loadin__q

As noted elsewhere in this proceeding [3 ], the molecule

di(phenylethynyl)-benzene (DEB) may be efficiently hydrogenated

with 4 molecules of T 2 gas to give DEB-t 8. For this experiment
the meta isomer, m-DEB, was employed because of its enhanced

solubility in ethylbenzene solvent (40 vol%) versus that of para-

DEB (20 vol%). A mixture of m-DEB and catalyst (Pd [5 wt%] on
activated carbon.) in the proportion 3:1 by weight was prepared.

Of this mixture 0.026 g was placed in a vial, evacuated of

overgas, and backfilled with tritium gas (59.0% T, 0.6% H+D, 40.4%

He-3) to a total pressure of 378 torr and with a slight molar

excess of m-DEB (104.4%) over hydrogen isotopes. Reaction was

allowed to proceed for 93 hours, after the first 45 hours of which

(at 21°C) the reaction was 62% complete based on hydrogen. From
hour 48-93 m-DEB temperature was raised to 60°C and reaction

attained 84% completion. The vial was then evacuated of residual

gas. Ethylbenzene, 0.25 cm 3, was added to the vial and swirled for

7 min with the m-DEB-ts, after which the mixture was pipetted to

the barrel of a filter syringe. The dissolved DEB-t 8 was filtered
into a fresh vial. This procedure was repeated and the syringe

washed several times with solvent. Solution, containing 17 mg of

DEB-t 8 (13 Ci), was concentrated to 0.15 cm 3 by vacuum distillation
of solvent.

Two aero_el samples, one blank and one phosphor-loaded (0.75

g(ZnS)/cm_), each measuring 6mm x 6mm x 2mm had been prepared by

evacuation as noted above. A 0.I ft-Lambert residual glow was

observed following evacuation of the phosphor sample ir the

tritium contaminated vacuum manifold. From the DEB-t 8 solution,
2.3 Ci was added to each of two samples. The blank sample

crun_led upon this first addition, but the phosphor-loaded sample

maintained its apparent integrity. Upon evacuation of solvent,

the brightness of the aerogel/ZnS sample increased to 0.8 ft-

Lambert at the spot where solution had been placed. A second

addition of 3.9 Ci to the phosphor-loaded sample increased glow to

I.i ft_-Lambert upon drying of solvent. A third and final addition

of 4.5 Ci of solution saturated the sample, with a small amount of

solution running off the sample. Upon evacuation, glow reached

1.2 ft-Lambert. Glow began decreasing within 20 min; at 3 days

0.5 ft-Lambert was measured and after 22 days 0.3 ft-Lambert (see
Figure 2) .

Tritiation of ZnS/Aeroqel Surface Residuals by T2 Gas Exchanqe

Samples of ZnS/aerogel 1/2" in diameter and 5/8" long were loaded
into 5/8" diameter glass-to-metal seal tubes with a metal valve

attached and were pressurized with T2 gas pressures of 1 or 1.3
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Atmosphere (Atm). There were five samples per tube and each
sample was separated optically from its neighbor with a stainless
steel disk. The five samples in Fig. 3 are representative of test
samples of this type. The MD-3B samples (Fig. 4 data.) were cut
cubes and slabs 5mm on their long sides (dimensions given in Fig.
4). The rectangular pieces were put into a 5 mm i,¢[. square cross
section glass tube and were held flush against the walls to

minimize surface excitation of the phosphor by T2 to assure
measurement of volumetric properties with the tests.

Initial luminance measurements gave intensities that reflect
the gas density in the pores of the aerogel as shown in Fig. 2 of
reference [5]. It was observed as the aerogel was exposed to the
T2 gas that the luminance grew as shown in Fig. 3 and 4 implying
that the tritium density near the ZnS was increasing. The
luminance grew and exponentially approached a saturation value
with a time constant of about 40 days for WA-1 samples (Fig. 3)_
and about 20 days for samples in Fig. 4. After the samples
reached a saturation value, the overgas was measured for quantity
of gas and analyzed by mass spectrometry at times indicated on
Fig. 3 and 4. Quantitative measurement of the overgas was achieved
by pressure-volume-temperature determinations of the gas as it was
expanded into a 112 cc manifold for mass spectrometry analysis.
After the gas was analyzed, the sample was isolated, the manifold
evacuated and the sample gas expanded again to get a second
pressure for calculating the volume of each sample container° A
comparison of the measured quantities of gas at fill and sampling
is given in Tabl_ 1 for four sets of samples. The tritium uptake
by the aerogel is calculated by difference of tritium irl the

overgas at loading and at sampling. The specific loading Ci/cc
was calculated from the volume of aerogel present and the
assumption of uniform tritiation and are also shown in Table i.

The cvergas was analyzed by mass spectrometry for hydrogen
isotopes, helium-3 decay product and for chemical impurities. The
results of the analyses are summarized in Table 2. Two of the
samples in MD-3B (Fig. 4) were removed after the evacuation for

demonstration items. The sample tube had sat for 12 days before
opening; the accumulated offgassing from the sample was 0.2 Ci
calculated- from the increase in glovebox tritium concentration
when the sample was opened. This corresponds to an offgassing
rate of 40 mCi/day per cc of ZnS/aerogel. The two samples were
put inte glass cuvettes specially made for each sample with a
ground glass joint in the lid. The lid was sealed with 5 minute
epoxy and were further encapsulated in Sylgard 184 in an AI block
with a Lucite top. The multiple interfaces (ZnS/aerogel to glass
to Sy_gard 184 to air to Lucite to air) reduced the observed light
intensity. Removal of the Lucite cover alone increased the
measured luminance from 0.78 ft.-Lamberts to 0.9 fLo

A second tritiation of the remaining samples in Fig. 3 and 4
was done using fresh 99.9% tritium to increase the concentration
on the solid and thus increase light output. The second addition
shows a new onset of growth for luminance with an apparently

12-4



shorter time constant With the WA-I samples. Relatively constant
luminance has b.een observed for i00 days for the samples shown in
Fig. 3 and 4 and others. Continued monitoring is in progress.

DISCUSSION

T_20 Ads0rption

EXPERIMENT T20#I: Sorption of T20 vapors onto the small shards of
experiment T20# 1 produced the brightest tritium-driven
radioluminescent source of which the authors are aware. The

apparent instability of the light readings over time, while the
sample was valved off from the T20 supply, suggests lability of
the water on the sample surface. Loosely-bound T20 self-distills
under its own thermal power, and therefore may be expected to move
from shards to cooler points within the container. Opening the
sample to the warmer T2u supply has the effect of maintaining the
sample at a relatively constant saturation. According to the best
fits of the model in Reference [4], the 4.6 ft-Lambert value from
this sample is consistent with a I monolayer coverage of water on

. the ca. 600 mZ/g aerogel. The coverage of one water molecule
should be ca. 9.6 A2, whereas the surface of aerogel is considered
to hold about 9 x 102o OH residues per cm 3 [2], or one OH every 16

•i 12. Since the binding force for the first physisorbed water layer
will likely be through hydrogen-bonding to surface OH, it may be
expected that the first ca. 0.5 monolayers will be more strongly
bound than a second half monolayer. This may explain the decrease
to half the maximum brightness when the valve is closed between
water and sample, the second half monolayer being labile under
self-heating.

One would expect that surface OH would be exchanged with T20 to .
give surface OT groups during the experiment. This would suggest
non-removable light levels of ca. 0.8 ft-Lambert under the

conditions used to return water to the T20 supply. This was not
the case, however, as output [ecreased to about 0.2 ft-Lambert
upon cry.pumping. Surface OH species themselves may be labile
under these conditions, recombining to release water and bridging
oxygen in si-o-si groups.

EXPERIMENT T20#2: This run produced three glowing sources. The
._ sample at 1.0 g(ZnS)/cm 3 was uniformly lowest in output, while the

other two were about equal, consistent with volumetric light

source observations [5]. The output of the T20#2 samples only
reached about half of that in the T20#1 experiment, but the
luminance was also much more stable, after an initial oscillation.

Thermal warming with'n the much larger T_O#2 samples, given the
fact that aerogel is an excellent thermal insulator, may have been
sufficient to keep a labile second half monolayer from forming.
Depletion of source tritium was probably not significant during
this experiment. Removal of T_O from the samples at the end of
this experiment was more diffi'cult than for the T20#I run, but
probably reflects the larger amount of water necessary to
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transport in the face of radiolysis gases evolving continuously

from the supply T20. Darkening of the blank sample may result
from an incomplete removal of organics (alcohol) from aerogel

following preparation. The gentle evacuation of the samples is

unlikely to have removed all the residual organic. This organic
was then available for radiolytic color center formation. The

lack of apparent coloration of the phosphor-loaded samples

suggests that the phosphor is a radiation stabilizer, utilizing

beta energy to produce light, not damage to residual organics.

Qrganic Trit_ium Loadi_Lq

The addition of DEB-t 8 to ZnS-loaded aerogel produced initially a
bright light. The light decreased abruptly to 40% of its maximum

and then more slowly with a half-life of I0-20 days. The rapid

initial decrease of the output may reflect the process of

crystallization of DEB-t s within the aerogel matrix. The process
would likely take some hours or days, inhibited by the network of

silica. The result is to cause self-agglomeration of the DEB-t 8
away from the phosphor particles, thereby decreasing light

production. Once the precipitates are formed and geometrically
fixed, radiation damage may be expected to become more important

to light output. The longer half-life is consistent with

observations on hybrid mixtures of raw phosphor with DEB-t s [4],
and presumably is associated with the self-irradiation and

darkening of the DEB. This half-life has been shown to be

reasonable [4]. Darkening of DEB-t a within the blank aerogel from

this experiment was also apparent after about 20 days.

An under-utilization of tritium beta power for the production of

light in this sample is probable even at short time. The model

developed in Ref [4) suggests that with an evenly distributed
loading of 148 Ci/cm of DEB-t s within the aeroge! matrix, 14% of
beta energy should reach the phosphor. Light output of 4.0 ft-

Lambert is predicted. Since the maximum output is only 1.2 ft-

Lambert, however, energy reaching the phosphor is only 4%, and

crystallization of DEB-t s with disruption of phosphor particle
spacing is the conclusion even for "time zero" This disruption

is consistent with electron microscopic observations and with

greater fragility of the matrix under DEB-loading.

Tritiation of ZnS/Aeroqel by T 2 Gas Exchange

The gas analysis of the overgas showed a significant ingrowth of

H (as HT) into the high-purity T_ gas impi_ing that isotopic
exchange was occuring, where the tritium from the overgas

exchanges with H of -OH and -C2H 5 present as residual contamination
on the aerogel surface from the sol/gel processing. Evidence of

HTO and T20 and CT 4 in the gas analysis supports this description
that the tritium resides in a layer of impurities on the large

surface area of the aerogel silica structure. Although most

hydrocarbons are normally not stable in a radiation field, beta

energy deposition into the thin coating of hydrocarbons on the

surface is small, so degradation of luminance is low compared with
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other organic lamps. The difference in apparent exchange rates

between the samples in Fig. 3 and Fig. 4 is probably due to a

longer diffusion path for the overgas into the pores of the

aerogel in the Fig. 3 samples. Note that in the Fig. 4 samples

the pressure is lower but exchange is still faster. The beta-

catalyzed exchange reactions

T2 + -OH .... > HT + -OT

and T 2 + -C2H 5 .... > HT + -C2Hs.xT x

are driven to the right until there is equilibrium between the

the T/H ratio in the solid versus the T/H ratio in the overgas:

Alpha = [T/H]s0Lid / [T/H]G,_ = 5 or 6 [6].

Thus tritium preferentially resides on the solid where we need it!

The rate at which isotopic equilibrium is achieved is limited by
the exchange reaction itself or the rate of diffusion of HT

product out of the pores where the exchange occured and diffusion

of the T 2 into the pores. Further evaluation of parameters
affecting exchange rate will be done in the future.

Results from two other sample sets, WA-2 and WR-2 reported in

Tables 1 and 2 show significant pressure gains (44% and 22%,

respectively) and corresponding significant gas components at m/e

44 normally associated with C3 hydrocarbon contaminants. The
difference between WA-2 and WR-2 and the other two sample sets is

that minimal pumping and no heating of WA-2 and WR-2 was done.

The light intensity from these samples is also stable.

The results of these exchange reactions imply a practical

method for producing a solid state tritium lamp. The luminance

of 0.5 and 1 fL correspond to 8 and 15 atm-T 2 on bulk phosphor
[5]. The tritium loading measured for WA-I (8.4 Ci/cc) and

luminance (0.32 fL) is about 15% of a monolayer coverage; for MD-

3B with 20 Ci/cc and luminance of 0.9 fL the coverage is about 35%

of a monolayer tritium coverage. Both imply about 2 fL for a full
monolayer coverage. Other molecules than-OH on the surface with

more than one hydrogen site offer the potential for higher

lumninance. However th_ increased mass associated with larger

molecules will introduce a larger energy loss for the betas.

Combining the results of high pressure lamps [5] with aerogel

exchange, a 0.5 g(ZnS)/cc aerogel with a tritiated surface and

high pressure gas in the pores offers a lamp that meets the needs

of power supply concepts [7].
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Table I. Quantitation of Tritium Overgas and Aerogel Loading

Unit Elapsed n(Initial) n(Final) Change T Loaded Luminance

Days cc[STP] cc[STP] (%) (Ci/cc-A' gel) (fL)

WA-1 135 48.5 51.7 7 8.4 0 .32

t

• MD-3B 43 25.7 26,2 2 20 0.90

WA-2 146 48.7 70.1 44 7.9 0.35

WR-2 134 47.9 58.6 22 7.6 0.29

* - Estimate. Total tritium uptake was 12 ci but 1/3 is

estimated to be on glass wool in the tube. This leaves

8 ci on 0.4 cc of ZnS/aerogel giving 20 Ci/cc.

Table 2. Gas Analysis of Tritium Overgas After Exchange.

Unit H T" He-3 N2 T20"" CT 4 m/e=44

WA-I 62.1 33.3 4.5 <0.01 0.12 <0.01 <0.01

MD-3B 19.4 79.9 i. 7 0.01 I. 58 io 04 <0,01

WA-2 67.8 28.0 3.8 <0.01 2.58 0. 033 0.37

WR-I 61.9 33.9 4.0 <0.01 0.74 0. 3 0.09

* - T refers to totat tritium in the overgas including

the tritium in CTx. Other minor D components not listed.

** - "T O"

wh_ich refersincludes to HTOthe andsumH20.ofcomponents found at m/e 18-22
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