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THE EALF-LIFE OF PLUTONIUM-239

BY CALORIMETRY *

Franklin L. Oetting

The Dow Chemical Company
Rocky Flats Division
Golden, Colorado

The power output from two l-kilogram samples of pure plutonium
metal has been determined by isothermal calorircetry. The major
isotopic constitusnt in both samples was plutcnium-239, account-
ing for 93% in the first sample and 97% in the second sample.
After making power corrzctions for the remaining isotopes, the
specific rower output of plutonium-239 was found to be 1.G31 =+
0.004x10-> watts/gram. The power emitted by the two samples

remeined essentially constant (£ 0.1%) for a pericd of four
months.

Using the alpha zero energy for plutonium-239 of 5.1556 Mev
and the recoil energy of 0.0863 Mav, the alpha half-life of
Plutoniun-239 was calculated to be 24,065 £ 50 years. This is
compared to the currently accepted value of 24,400 £ 30 years

as determined by absolute alpha (specific activity) low geometry
counting techniques.
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INTRODUCTION

Recent caloricetric investigations on the specific povers of.the
isotopes U-233 (1), Pu-240 (1), and Am-241 (2) have indicated that

.the half-life of these 1sotopes as calculsated from the specific

pover is approximately 1% lower than the half-life as determined
by the sbsolute alpha (low geometry) specific activity wethod.
Either method should theoretically give the same half-life value

as both methods "count" the alpha particles; the specific activity
mathod by direct counting and the calorimetric method by total or
integrated counting. . No concluaive evidence evolved from the above
investigations to explein the 1% diser pancy between-the half-life-
values as obtained by these two d4dif ferent methods even though each
method claims an accuracy of at least + 0.2%.

- Because of the 1mportance of an accurate half-life value for
Pu-239, this calorimetric investigation was initieted. 1In eaddition,
previous calorimetric investigations on Pu-239 (3,4), not as rigor-
ous as this study, indiceted a half-life of about 1% below the value
recomzended by specific activity rmeasurermeznts. In order to obtain
a well-defined power measurexzent on Pu-239, two samples of electro-
refined metal were obtained with different isotopic conpositions.
This epproach should partially eliminaste any conceivable error due
to improper isotopic or chemical analyses.

The results of this investigation did indeed indicate that there
is even a greater discrepancy then 1% between the calorimetric and
specific activity half-life value for Pu-239.

EXPERDMENTAL

Material

Two samples of plutonium metal were used for this calorimetrie
investigation.. These samples, hereafter referred to as sample A
and sample B, were purified by electrorefining. Saaple A weighed

“717.8 grans while sample B weighed S34.4 grams. Both sazples,

packaged in identical fashion for the calcrimetric measurements,
were vecuuz sealed under en argon atmosphere in &n aluminum con-
tainer which in turn was sealed in a No. 3 can which f£it the
calorimster. This type of encasemant was undertaxen to insure
against oxidation of the metal during the calorimetric zeasurements.

Analyses

Both samples were chemically analyzed for plutonium efter the
caloricetric measurerents were terminated by the ceric titration
methcd corrected for iron and uranium. These analyses indicated
99.95% plutoniun for sample A and §9.91% plutonium for sample B.
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- EBach sample was a&lso subject i to detection of elemental impuri-
ties by emission spectroscopy and spark source spectroscopy. Some
elements are more reliably detected by emission spectroscopy than
by spark source spectroscopy vhile with other elements the reverse
is true. Accordingly the amount of impurity for each individual
elenent was determined by the wmost reliable rmethod., From these
results, sample A conteined 344 ppm and sample B contained 410 ppm
impurity. These impurities included the metallic elerments such as
Al, B, Csa, Cr, Fe, Ga, K, Mg, ¥n, Ni, Si, Sn, Ta, U, W, and Zn as
well as the non-metallic elerents C, Cl, N, and O.

Radiosssay for arericium-241 and plutonium-238 was also performed
on the two samples after the calorimetric experiments. These
results indiceted 32 ppa Pu-238 and 157 pra An-2il for semple A and
103 ppm Fu-238 ead 459 prm Am-241 for sample B. Thus the total
pon-plutonium assay in sample A is SOl ppm (99.95% Pu) which is in
good agreement with the chemical assay of 99.96% Pu. For sample B
the total non-plutoniun assay is 859 prm ($9.91% Pu) which again
is in good egreerent with the chemical assay of $9.91% Pu.

Arericium analyses was 81so made prior to the calorimetric
measurexzents. Tirese values were 114 ppm Am-241 for sample A and
277 ppm for saxdle B. These values were used only to deternine the
growth of Am-241 in the sample during the course of thz calorimetric
measurerents whereas the values determined at the completion of the
caloriretric measure=ents were used in the ccmparison of the plu-
tonium analysis. It must be noted that the axericium content is
s8till ccoparatively large for electrorefined metal but this was
due to the length of tice between the electrorefining process and
the beginning of the cazlorimetric measuremants. .

Both samples were anzalyzed isotopically on three different occa-
sions, once before the calorimetric measurements and twice after the
calorimetric measurements. The weignt percent of each isotops is
indicated in Table I where the individual value is the average of
the three deterzinatiens. The limit of error assigned to each
isotope was determined by the perforzance of the rass spactrometer
with regard to standard materials at the time that the three iso-
tope analyses were ta;en. The followi"g linits of error were used:
Pu-239 * 0.035%, Pu-240+ 0.035%, Pu-241 + 0.007%, and Pu-2k2*
0.002%. Plutonium-233 end exericium-241 were determined by radio-
assay as stated previously where ths limits of error were Pu-238
+ 2 ppm and Axn-241 = 11 ppm. :

The samples were also subjected to alpha pulse esnalysis for
detection of forsign isotopes. Only those isotopes listed in
Table I were found in either saxple.

%)
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e e TAB*@ T e
Isotopic Analysis

4 7 Sample A Sample B
Pu-238 = - el ... 3®ppm 103 ppm
Pu-259 '97.618% , 93.847%
Pu-240 o 2.302% 5.737%
Pu-2k1 . . 0.073% e ... 0.386%
Pu-2L2 , 0.004% 0.021%
An-2br . TP 459 ppm -

The calorimeter used in this investigation is a macro-twin iso-
thermal calorimeter which has been described previously (3). The
calorirmeter was pariodically standardized with a Pu-238 1.6 watt
source throughout the course of the celorimetric measurecents on
the plutoniun samples. The 1.6 watt source was available from Mound
Laboratory where it had previously been calorimetered on & number
of occasions. This is the saze calorimeter that was used in the
smericium work (2) when at that tize this calorimeter agreed within
0.1% with the calorimeters at lLivermore Radiation Laboratory. Thus
with this intraleboratory ccmparison there was no reason to doubt
the results of this calorimeter.

RESULTS

The caloriretric mzasurements were made oa the two saxmples over
& period of ebout four mwonths. In each case the resulting power
was corrected for 100.00% purity and redioactivity decay of Pu-241 to
Am-241. Table II gives the day that the specific sample was calori-
metered and the resulting power values for the Pu-239 in watts/gram.
The tolal power enmitted by sample A was about 1.5 watts while that
for sazple B was a little over 2 watts. These powers ere in the
i1deal power range for this czlorimeter in terms of accuracy of
weasurement. The error ascribed to the power wmeasurerxent is = 0.1%.

In order to obtain the power value per gram of Pu-239 it was
necessary to subtract the power emitted by Pu-238, Pu-2i0, Pu-241
and An-241 from the m=asured power and then normelize to a Pu-239
gram basis. There 1s such a srall amount of Pu-242 present that
the power exmitted by this isoiope is insignificant. A typical

.example of the above calculation for both samples is given in Table
III. ZFere it is noted that in the case of sample A, the Pu-239

_accounted for over GO0% of the totzl power vhereas in sample B the
Pu-239 accounted for only 78% of the total power. '



AT e .  TABLE II e
Calorimetric Results
Pover of Pu-239 in Watts/Gram x 108

Day Sample A Samole B
) ) 1 ©1931.0 -
3 1930.8
. AT | . e ..1930.9
10 1933.2
34 1930.5
39 et e e e e 1933.0
k2 N 1933.6
17 ' 1932.4
83 1930.3
85 1929.3
3L 1929.2
136 1930.3
137 £ 1932.4 -
| 1931.1 £ 0.9 1931.2+ 1.3
Sample Calculation for Pu-233 Specific Power
Sexple A Semple B
_ watts $ of Total watts 4 of Total .
Sample 1.43491 Watts . 2.17469 wWatts '
Pu-238 -0.01322 0.9 © -0.05453 2.5
Pu-240 - -0.11722 7.8 -0.3£018 17.5
Pu-241 -0.00187 . 0.1 -0.01288 0.6
Am-24) -0.01010 0.7 -0.03502 1.6 -
Pu-239 . .35250 90.5 1.69208 T7.8
Pu-239 wvatis/g 1.9310x1073 1.9309x1072

As Table II irdicates the average power per gram of Pu-239 in
sample A is 1.9311 £ 0.0C09%10 -3 watts/gram wkereas the average power -
per grem of Pu-239 in samole B is 1.9312 &+ 0.0013x107> watts/gran
where the assizned deviaticn is twice thae standard deviation of the
mean., The edove error only reflects the exverimentel deviation and
not the absolute error. These values may be combined to give 1.93115
+ 0.0008x10-2 watts/gram for the specific power of Pu-239. ‘

The absolute error associated with the spacific po'er of Pu-239
is derived frenm ‘h- following velues; wveight of sazple X 0.1 gran,

Pu-238 enalyses = 2 prm, Pu-238 power 0.567 + 0.002 watts/grem (5),
Pu-239 igotopic £ O. o;sﬁ, Pu-240 isotopic—"- 0. 055,, Pu-240 power
7.097 & 0.014x10~3 watis/zren (1), Pu-241 isotopic + O. 037,0, Pu-241
power 3 62* 0. col..,lo-s wavts/brd (6), Am-241 analyses= 11 P



and An-241 power 0.11h5 - 0.0001 watts/grem (2). Application of
statistical analyses to the errors involved indicate that the
specific power for Pu-239 is 1.93115 + 0.0039x10-2 watts/gram.

'Using this specific power, the half-life may be calculsted
accordingly. ’Tha physicsl constants and conversion factors are
teken from Friedlender et al., (7) except for the decay energy.

Since one watt is eguivalent to 6. 2&1851012 Mav, the specific
power of Pu-239 is 1.20538x102 Mev sec g .

The alpha decey energy for Pu-239 has been determined by Baranov,
et al., (8) to be 5.1536 £ 0.0008 Mav. This value is in good agree-
. ment with many other values discussed elsewhere (9). The energy
resulting from tha recoil of the parent nucleus is 0.0863 Mav so
the total energy resulting from & single alpha decay is 5.2419 Mev.

From the specific power value and the ener§y per alpha particle,
the specific decay rate is 2.2995x10° see . Using 6.02252x
1023 atom/role for Avozadro’s number and 239. 05216 for the isotopic
mass (C2 scale), the dacay constant is calculeted to be 9.12742x
10713 gec™l, Dividing this into 0.683147, a helf-life of 7.59412x
101! gae is celeulated. If one definss a year as 365.24 days
(3.15567x107 sec/yr), the resulting calculation shows the half-
life of Pu-239 to be 24,065 + S0 where the stated uncertainty is
derived fron the uncertainty in the specific pcwer glven earlier
and the uncertainty in the alpha decey energy (4=0.C05%).

DISCUSSICH

Congiderable effort has been expended in the determination of
the half-life of Pu-239 since tha discovery of the element in 1640,
The majority of these investigations have relied on the absolute
alpha (low geomesiry) svecific activity method. Teble IV gives a
sumnary of tha reported half-lives of Pu-239. Comparison between
the specific activity =ethod and the caloricetric zethod indicates
that th2 half-life values as determlu,d by the specific activity
method ere consistently about 1.2-1.3% higher than tha half-life
value deternined by calorimetry. It is surprising that these two
sets of values as determined by calorimetry and spscific activity
ghould differ as {hey 4o, however there eppears to be no other
interpretation o the d=ta.

If we confine oursslves to the specific activity work of Doku-
cheev (14) and Mzrkin (15) and to the calorimetric work reported
bere, it is evidont that the liwmit of errors reported in these
three cases is & littls over X O. lp yet the differences betwecen
the speeific activity value and the calorimetric velue for the half-
life are about 3CO yeazrs or 1.3%, considerably greater than the
error ascribed to either r=2thod would indicate.
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I L L T TABLET V TSI TR e

Plutonium-259 Ralf-Life

Yovestigator Year Method Value
Farwell, et al., (10) 19k5  Sp Ac 24 k00
Westrunm, et al., (11) 1946 Sp Ac 24,400 =70
Cunningham + Werner (12) 1949 Sp Ac - 24,300
Wallmann (13) 1951 sp Ac 24,360 +100
Dokuchaev (1i) 1959 Sp Ac 24,390 +30
Markin (15) 1959 Sp Ac 24,512 +30
Stout + Jones (&) -- e 1gh s Cal 2&,100 + 240
This Work Lo 1970 Cal 2h 065 +50

One of the complications in tho determination of the half-life
of Pu-239 by srecific activity is the presence of small amounts of
Pu-238 and Pu-240 which contribute to the alpha activity. Dokuchaev
(14) apparently circumvented the potential trouble by measuring the
ectivity of 12 samples of plutonium with & Pu-232 content ranging
from 91.26 to 99.11%. Markin (15), on the other hard, measured the
activity of electromagnetically separated Pu-239 with en isotopic
purity of 99.92%. Therefore because of the care and caution taken
with these measurements, there aprears to be no reason to doubt
the half-life value as reported by specific activity.

However there is elso no epparent reason to doubt the cglori-
metric value for the half-life of Pu-239. Gross undetected chemical
inpurities would irmply a higher true specific rower end. & shorter
half-1ife then indicatasd here. Absence of significant quantities
of short-lived high soecific power radicective impurities had been
well-established by alphe pulse scanning as well as the lengtny
duration of tke caloriretric experiwents. Oxidation of the sample
was prevented by enclosing the sample in an inert atmosphere under
e vacuun tight seal.’ The accuracy of the calorimetric procedure is
well-substantiated.

One of the prossible complicetions in the calorimetric determiration
of the specific power of Pu-239 is the presence of other plutonium
isotopes which entails a power correction to the m2asured power of
the semple. This power correction therefore relies not oaly on the
specific power of the other isotopes but also on the amount of the
other i1sotopes which are present. Although the sprecific powers of
- the other isotopes are well-known end the amount present is quite
relieble (mzss spectremetric technigua) there is still a remote possi-
bility thet the correction c2lculation ray be in error. This work
has indicsted thzt trere is no eprarent gross errcr in the correction
calculation baceuse the azount of correction is significently differ-
ent for the two samples and yet the specific power for Pu-239 deter-
mined from the two samples is in excellent agreement.

P



The energy contained in the alpha particle emitted during nuclear
disintegration is theoretically transformed to thermal energy when
the particle hss termirnsted its travel. It is known that for plutonium
some of this energy is transformed into disorientations within the
crystel lettice ccumonly referred to as rediation demage. Rediation
damege is quite prevalent et low temperatures, e.g., 4~ K, and tends
. to enneal out of the crystal as tne temperature of the semple increases.
There is apparently very little radiation damage occurring at room
temperature and that which does occur is annealed out so that the
net energy effect is zero.

- It is believed that radiation demage has no effect on these mea-
surem2nts since the metal was initislly taken to the melt for the
electrorefining process and then cooled to room temperature before
the calorimetric measurements ccarenced. The teuperature of the
sample did not go below room temperature at any point. Also if rad-
iation damage were taking plece, the measured power would be less
then the power exrected which would in turn lead to a lcnger half-
life. A renote pos3ibility remains that the sample could be anneal-
ing out faster tkan radiation damage was occurring which would explein
& high power emission. This appears to be highly irprobable when
the trermal history of the sample is considered.

Calorimetry relies upon the energetics of the alpha particle decay
_ process or rore spacifically the Q value of the nuclear disintegra-
tion to deterzine the pumber of decays per unit tims. Because the

Q velue is not involved in the specific-activity method of deternin-
ation of half-life, this raised the possibility that the Q valu= could
be the causes of the discrepency bztween the two half- life values.

A critical exanmination of the Q value concept indicates that the Q
value 1s valid. Indeed consideravle cornsequence would develop if the
Q vzlue were in error =3 the mass tables are based on the energetics
of the decay scheze, i.e., Q values. A recent mass tabls by wapstira,
et 8l., (16) gives the Q value for the Pu-239 alpha decay to U-235

as 5.243 Vev, nearly identical to the Q value used in this calcula-
tion. It therefore eprears highly doubtful that the energetics of
Pu-239 decay are in error by any significent amount.

In light of the discussion it epprears that there is no defin-
itive reason to explain the 1% discrepancy in the half-life of Pu-239.
This is an unfortunate develorzant as certzinly one would exvect
much better agreezent in. the half-life value from two well-established.
experimental techniquas such as calorimetry and alpha counting.

It is perhaps enlightening to review two cases of & similer sit-
uvation which have occurrad over the past few yezrs. The An-241
isotope had a weil-estedblished half-life of 458 yzars by counting
techniques reported as late as 1959, However & caloriretric inves-
tigetion in 1967 (2) reported 432.7 &£ 0.7 years which was leter sub-
stentieted by & counting value of 436.6 = 3.0 years (17).
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" The half-life of U- 233 up to L9ol was- reported by a pumber of
investigators using alpha ccunting technigues as 1.62x10° years.
‘Recent celorimetric studies however indicated a half-life of 1.540
+ 0.003x10° years for U-233 which 1s in considerable disagreement
wvith the counting half-life value. Fowever a recent counting: _
value in 1968 (18) reported 1.553 + 0.010x10° years waich is within
the limits of error of the calorimetric value. . In both cases,

An-241 and U-233, the recent counting values tend to be higher
than the caloriretric velue by stout 1%, however the limit of
error in these counting values is significantly greater than the
linit of error in the counting value listed for Pu-239. There
18.-stil]l the implication that the counting values for Am-24l and

~253 tend to run high compared to the calorimetric values.

This value for the half-life of Pu 239 of 2h ,065 years instead
of 24,400 years as previously accepted would eIfect the physical
constants of Pu-239 such as the decay ccnstant, etc. In addition,
this value would also alter the half-lives of other plutonium
isotopes whose half-1ife was determined relative to the Pu-239
half- life by the method of isotopic ratios.

. Plutonium-QhO hes been determined to have a half-life of 6580
+ 40 years (19) relative to a Pu-23%9 half-life of 24,410 years.
If 24,065 years is used as the Pu-239 half-life, Pu-240 has a
half-life of €487 = L0 years in agreemsnt with the calorimetric
value for Pu-240 of 6524 + 10 years (1). This is scmewhat for-
tuitous however es 6580 k£ 40 years is also in sgreewent with the
specific activity value of 66CO years for Pu-2i0.

. The half-life of Pu-242 and Pu-244 have been determined to be
3.869 £ 0.016x10° years and 8.28 * 0.10x107 years respectively
(20) in reference to a Pu-239 half-life of 24,401 years. Using
the calorimeiric ha2lf-life for Pu-239 the halP-lives for Pu-242
and Pu-24k ere 3.816 i?O 016x10% years and 8.17 £ 0.10x107 years
respectively.
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