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Abstract—Samples of Pu@containing sorbed water, when stored at room temperature, release hydrogen and
oxygen into the gas phase. At a given content of water, the rates of formatiory ahti G, are in direct
proportion to the dose rate of plutonium radiation. With increasing concentration of water from 0.3 to 3%
the rates of formation of FHand G, increase by a factor of 6A00, which is caused by increase in both the
energy of a-radiation absorbed by water and radiation-chemical yields of formation pahtl Q. The
radiation-chemical yields of formation of oxygen and hydrogen at the 0.3% content of sorbed water are lower,
and at the water content exceeding 1%, higher than the yields of these products in radioiyseg’ofvater.

On storage of powder-like and pelletized samples of PofGpower reactor origin with a 3% water content for
150-200 days, the stationary concentration of hydrogen approximately corresponding to the initial concen-
tration of sorbed water is established.

At present, in relation to the reduction of nuclear EXPERIMENTAL
weapons all over the world, the problem of excess
weapons-grade plutonium arises. One of the ways of We used powder and pellets of PuChe powder
handling weapons-grade plutonium is conversion tovas produced by calcination of plutonium oxalate
plutonium dioxide and its prolonged storage. at 550C and pellets, by pressing the powder. Samples
with a moisture content of 0.3% were produced by

Plutonium dioxide is a hygroscopic substance.

When stored in air of ordinary humidity and tempera-c2/Cination at 1000120G°C, and samples with a

ture, plutonium dioxide takes up water to a content of"0iSture content of >19%, by addition of the required
2-3 Wt % [1]. Under the action ofi-radiation of plu- amount of water. The samples of Pu@ere placed
tonium the sorbed water decomposes. As follows fron{1l0 hermetically sealed metallic ampules equipped
data on radiolysis offree” water, the resulting stable With ball-cone seal and special valves through which
products are KOs, H,, and G [2]. Hereinafter we use the ampules were evacuated and the gas phase was
the term“fre€” water contrary to sorbed water. For- sampled for chromatographic analysis. The error of
mation and accumulation of hydrogen and oxygedneasurements of the gas volume was-18% and
present a hazard in prolonged storage of pu@ N determln_atlon of the gas composition;19%. The
hermetically sealed vessels. There are no publishédnpules with the Pupsamples were placed into a
data on radiolysis of water sorbed on Pu@vailable her_metlcally sealed protective bo>§ and kept for a pre-
data on radiolysis of water sorbed on oxides of othecribed period. The temperature in the box was: 20
metals show that the quantitative characteristics of itd°C. The gas phase was sampled-&&@day intervals
radiolysis substantially differ from those offree” at the beginning of the experiment and then, at 30
water [3-5]. 100-day intervals; the experiments lasted for 200
600 days. From the concentrations of hydrogen and
oxygen, the initial rates of their formation and radia-
ftion-chemical yields were determined.

Here we report on the kinetics of,tand G, release
from samples of Pu@with various content of sorbed
water (from 0.3 to 3 wt %) at various dose rates o
a-radiation at room temperature. We used low-burn-up
plutonium Pu(l.b.) and high-burn-up plutonium of the
power reactor origin Pu(h.b.). Their dose rates were
1.9 and 11.6 Gy's per gram of Pu@, respectively.

EVALUATION OF THE DOSE RATE
OF PLUTONIUM RADIATION

High-burn-up plutonium. In the experiments we

1 Reported at the Third Russian Conference on Radiochemistrjﬁse_d plgtonlum of the pqwer reacto;gorlgln of the fol-
(St. Petersburg, November -ZBecember 1, 2000). lowing isotopic composition, wt %: %u 0.5-0.6,
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23%py 65-67, 240y 21.722.7, 241py 7.78.1, and Table 1. Dose rates, Gy$, absorbed with sorbed water
24%py 2.52.9. 238y, 23%y, 2%y, and?*Pu are

a-emitters and®*'Pu is p-emitter. Along with plu-  H2O content, % Pu(l.b.) Pu(h.b.)
tonium isotopes, some- and B-emitting impurities

were found in plutonium dioxide. According to the 0.3 0.0077 0.047
data of physical measurements, #hectivity of plu- 1.0 0.025 0.154
tonium used in the experiments was 0.3 Cig ;g 8'828 8'35
and p-activity, 19 Cig™. 30 0.076 0,485

The dose rate was evaluated by the formula

D = 3.7x10'°x1.6x 107 8E A, + EgAp). Gy s1 (1) sion (3), are presented in Table 1. It is seen that they
are in direct proportion to the water concentration.
where E,, and Eg are the energies of- and p-par-

ticles, eV; A, and Ag are thea- and B-activities of RESULTS AND DISCUSSION
plutonium, Ci g1; 3.7x10'C is the conversion factor _ o
from curie to becquerel (decay; and 1.6<10716 We studied the kinetics of release of hydrogen and

is the coversion factor from eV to Gy. Taking into 0Xygen from various samples of PwOFor high-

account that the average energy afparticles is bBurn-up plutonium Pu(h.b.) we used the pellets with

5.3 MeV and that of-particles, 0.02 MeV, we obtain the content of sorbed water of 0.3, 1.0, 1.5, 2.0, and
3.0% and a powder with the water content of 3%.

D=5.9x106(5.3x 10Px 0.3 + 2x10°x19) = 11.6 Gysl.. Each sample contained from 5 to 7 g of Bu®or
low-burn-up plutonium Pu(l.b.) the powder with 3%

The fraction of the energy ofi-particles is 81%. Water content was used. The sample contained 15 g

- . of PuO..
Low-burn-up plutonium. The a-activity of this ©

plutonium was 0.0625 Cid and the energy of _ Samples of Pu@with the water content of 0.3 and
a-particles was 5.1 MeV. 3% were monitored for 5600 days, and the other

samples, for 530 days.
The dose rate ofa-radiation was evaluated by P Y

the formula The main quantitative characteristics of radiolysis
of sorbed water were the concentrations gfatd O,
D = 5.9x10%E,A, = 1.9 Gysl. 2) inthe gas phase and the rates of their formation. Data

on the kinetics of H release from Puggh.b.) with

It is seen that the dose rates ofradiation for the Vvarious water content, obtained during-3b-day

two types of plutonium differ by a factor of 6. Monitoring, are presented in Fig. 1. It is seen that the
amount of hydrogen increases with increasing water

Roncentration at a given storage time of Bu€am-
CBles. In the time range presentedfiy. 1 the hydro-
ﬂen concentration increases linearly. Similar pattern

To explain the results obtained, it is necessary t
know the energy absorbed with sorbed water. Sin
the main mechanism of interaction of chargegbar-
ticles with substance is the electromagnetic interactio
with the substance electrons (ionization and excita-
tion), the distribution of the absorbed dose between
PuO, and HO was evaluated from the following
expression considering the ratio of the electron densi-
ties of these compounds:

Dh,0 = Dpyo,* 10My,0/(110Mpy0,), ®3)

where Dy, o and Dp,, are the doses absorbed by

water and plutonium dioxide, 10 and 110 are the 0 10 20 30 40
numbers of electrons in the molecules of these com- Time, days
pounds, andMy o and MPuOZ are the numbers of Fig. 1. Kinetics of hydrogen release from Py(ellets
moles of "bO and PUQ. (high-burn-up plutonium) as a function of the content of
sorbed water. Water content, %it) (0.3, @) 1.0, @) 1.5,
The doses absorbed by water, evaluated by expres-(4) 2.0, and §) 3.0.

[H,], cm? (g PuO,)~!
S = N W kA L &
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Table 2. Rates and radiation-chemical yields of formation of &hd G, for various samples of PuQtime 5-30 days)

-1 1 ;
Type of PUG H,0 content, Rate, cni (g PuQ) day Yield, molecules per 100 eV
sample %
P Vi, Vo, Ch, Co,
High-burn-up plutonium
Pellet 0.3 0.01 0.001 11 0.10
" 1.0 0.07 0.01 2.4 0.35
" 15 0.16 0.025 3.65 0.57
" 2.0 0.29 0.04 5.0 0.7
" 3.0 0.6 0.1 6.9 1.1
Powder 3.0 0.75 0.08 8.6 0.92
Low-burn-up plutonium
Powder 3.0 0.12 0.015 8.5 11

was observed for the kinetics of oxygen release. Thef adsorbed water. With increasing concentration of
initial rates of formation of H and O, listed in adsorbed water from 0.3 to 3% the yield of lh-
Table 2, were found from the slopes of the curves. Itreases by a factor of approximately 6, and the yield
is seen from Table 2 that with increasing water conef O,, by a factor of approximately 10. Along with
centration by a factor of 10, from 0.3 to 3%, the ratencrease in the radiation dose rate by a factor of 10
of formation of H, in pellets increases by a factor of (Table 1), this results in increase in the rates of forma-
60, and that of @, by a factor of 100. It is seen that tion of H, and G, by factors of 60 and 100, respec-
at a given water content the rates of formation gf H tively.

and G for Pu(l.b.) are by a factor of 8 lower than We compared the obtained yields of, Hnd O,
for Pu(h.p.). This ratio approximately corresponquith the yields obtained ina-radiolysis of “free’
to the ratio of the dose rates produced by these WQater. According to [2], inx-radiolysisGyy, = 1.4 and

types of plutonium (Table 1). To explain the results _ .
obtained, we evaluated the radiation-chemical yields’O2 ~ 0.2 molecule per 100 eV. It is seen from

of H, and Q. The calculations were carried out by Table 2 that at [HO] < 1% the Gy, and Go, values
the expressions are significanly higher than the yields fdiree” water.

Formation of hydrogen from water sorbed on vari-

Gh, = 53M,/D, 4 ous solids was studied in a number of works. For
G = 53N~ /D 5 example, it was shown [3] that quantitative character-
Oy = TO ™ ®)  istics of formation of H (y-radiolysis) depend on

In these expressionG., and G are the vields in the concentration of sorbed water and chemical com-
P Ha O, yliele position of the sorbent. At an J® concentration less
molecules per 100 eW are the rates of formation of than 0.1% the yield of hydrogen is 0.45 molecule per
H, and O, cn® per gram of Pu@in a dayD is the 100 eV, i.e., it is the same as jrradiolysis offree’
dose (Gy) absorbed by a given amount of water in 1 gater [6]. At the HO content equal to-5% the yield
(Taple 1); 5.37 is the total conversion factor ffoMef H, from water adsorbed on silica gel is 11.3, and
cmg - day to molT"s™ and from molT"S™ 10 from” water adsorbed on ADs, La,0s and EsOs,
molecules per 100 eV. within 10-15 molecules per 100 eV. The release of
The evaluated yields are given in Table 2. Since, aBydrogen iny-radiolysis of water vapor in the pres-
shown above, for Pu(h.b.) the fraction of theadia- ence of various solids was studied in [4]. It was
tion energy is 81% of the total radiation energy, theshown that in the presence of ZnO, TiMgO, and
yields of H, and G, for this sample can be compared SiO, the yield of H, is 1.7-2.2, and in the presence
with the yields obtained for Pu(l.b.). It is seen fromof PbO, 30 molecules per 100 eV. Formation of H
Table 2 that the yields of fland G, do not noticeably and G, in y-radiolysis of water sorbed on 4D,
depend on the plutonium origin, i.e. on the radiationZrO,, and TiO, was studied in [5]. It was found that
dose rate, but essentially depend on the concentratitine amount of gases is-8 times greater than that in
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radiolysis of “free€” water, all other conditions being
the same.

The increase in the yield of hydrogen in radiolysis
of sorbed water is explained by the catalytic effect
of the solid phase [5] or by the special mechanism of
transfer of the ionizing radiation energy from the solid
to the adsorbed substance [7].

It is seen from Table 2 that at the water content of
0.3% GH2 and GO2 are 1.1 and 0.1 molecule per 0 | | | |
100 eV, respectively. These values are lower than the 0 50 100 150 200
yields for “free” water. This is presumably due to the Time, days
presence Of an add|t|0nal Channel (along W|th Watel’) F|g 2. Kinetics of hydrogen release from Pycgammes
of absorption of thex-radiation energy. This channel (high-burn-up plutonium) with a water content of 3%.
may be associated with impurities in plutonium diox- (1) Pellet and 2) powder.
ide, making significant contribution to energy dissipa-

tion at low water content. — 30k
Thus, our data on the yields of hydrogen and oxy- g”
gen from water adsorbed on Py@re in good agree- & 20F
ment with published data showing the difference in =2
the quantitative characteristics of substances in the E 10
sorbed and free states. However, it should be noted -,
that the yields obtained in this work and by other =z 00 60300600

researchers are not absolute quantities, since, as seen Time, days
from expressions (4) and (5), they depend on the
absorbed energy. The latter depends on the procedur
of evaluating the energy distribution between the
adsorbate and adsorbent. This problem has no an

é:ig. 3. Kinetics of hydrogen release from Py(owder
(low-burn-up plutonium) with a water content of 3%.

exact solution. TAN3‘0'
Let us consider the kinetics of formation oftdnd S 20k

O, in prolonged storage of Puamples (Figs.-5). o

It is seen from Fig. 2 that atwater content of 3% for g

two samples of high-burn-up plutonium after 500-day § 10r

monitoring the hydrogen accumulation noticeably ;\.0 0

deviates from linearity, and in approximately 150 and 0100 200 300 400 3500
200 days the amount of hydrogen reaches stationary Time, days
values of 48 and 55 cfn These volumes of ficorre-
spond to 2.k 1073 and 2.5<10°2 mol. The concentra-
tion of sorbed water in these experiments wasx1.7

10° M, ie., the amount of hydrogen formed was |t is seen from Figs. 3 and 4 that at a water content
approximately equal to the amount of sorbed watefaf 0.3% for Pu(h.b.) and of 3% for Pu(l.b.) the hydro-
Thus, establishment of a stationary concentration qien concentration increases linearly for approximately
hydrogen is caused by complete decomposition 0#00 days, after which a small deviation from the
sorbed water as a result of its radiolysis. The excesgearity is observed. The distinction in the kinetics
H, may originate from the moisture sorbed on plu-of hydrogen release for the two types of plutonium
tonium dioxide from air that penetrated into ampulegFigs. 2 and 3) is due to the fact that at a given time
during their prolonged storage (chromatographiof the sample storage the integral dosexafadiation
analysis revealed the presence of nitrogen in the gdsr Pu(h.b.) is greater that that for Pu(l.b.) by a factor
mixture). The greater amount of hydrogen releasedf 6. This results in the greater degree of radiolytic
from the Pu@ powder is due to the more developeddecomposition of sorbed water and, as a result, in
surface and hence to greater sorption of moisturgreater variation of the rate of hydrogen formation in
from air. time for Pu(h.b.). The distinction in the kinetics of

Fig. 4. Kinetics of hydrogen release from Py(pellet
(high-burn-up plutonium) with a water content of 0.3%.
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chemical reactions in the gas phase and in the bulk
of plutonium dioxide between oxygen and nitrogen to

0.01 | ! 1 1 |
0 50 100 150 200 250
Time, days
Fig. 5. Kinetics of oxygen release from various P3O
samples. Water contentl{3) 3% and @) 0.3%. Pu sample:
(1, 2, 49 Pu(h.b) and 3 Pu(l.b.); @, 4 pellets and 5

(2, 3 powder.

hydrogen release for Pu(h.b.) with a water content of
0.3 and 3% (Figs. 2 and 4) is due to the difference%

in the radiation dose rate (Table 1) and in the radia="

tion-chemical yields of H formation (Table 2). At
[HoO] = 0.3% these values are significantly lower,
which causes the linear increase in thg ¢bncentra-
tion for a long time.

The kinetics of release of radiolytic oxygen are

presented in Fig. 5. It is seen that in all runs theg

stationary concentration of oxygen is established.
After that in some cases the oxygen concentration de-
creases, which is apparently caused by radiation-

7.

form nitrogen oxides (BO, NO, and NQ) [8].
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