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α-decay half-life of 253Es in metallic Fe at temperatures between 4 K and 50 mK
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It has been claimed recently that half-lives of radioactive nuclei embedded in metals would be significantly
affected by electron screening provided by the metal. The effect would further be strengthened at low temperatures.
We have determined the half-life-of 253Es nuclei embedded in iron at temperatures between 4 K and 50 mK. Our
results agree with the room temperature literature value within about 2% and show no dependence on temperature
over a range of almost two orders of magnitude.
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I. INTRODUCTION

In a recent article [1] it was suggested that one could speed
up α decay of transuranic nuclear waste material by embedding
it in metals at low temperature. More generally, the Debye
plasma model has been used to predict lifetimes for α decay
and β+ decay of radionuclides in metals at low temperature
to be reduced, whereas for the β−-decay and electron capture
processes a longer lifetime is predicted. Results consistent
with the predicted trend but in size always lower than the
predictions of this model were reported [2–4]. However, the
proposed effect is considered to be unlikely from the viewpoint
of standard screening models (e.g., Ref. [5]).

In this work the half-life-of 253Es nuclei embedded in iron
at temperatures of 4 K and 50 mK was determined. At 4 K
the Debye plasma model [1] predicts a shortening of the
half-life of this isotope by about two orders of magnitude
compared to the room temperature value and by many orders of
magnitude more at 50 mK. At variance with this prediction our
results agree with the room temperature literature value within
about 2%.

II. EXPERIMENT

The einsteinium activity was produced by neutron irradia-
tion of 252Cf in a reactor in Dimitrovgrad (Russia), followed by
radiochemical separation of the accumulated einsteinium and
a second irradiation to improve the isotopic content. Details
of this procedure were given in Ref. [6]. Finally, a batch of

*nathal.severijns@fys.kuleuven.be
†Present address: Cyclotron Institute, Texas A&M University,

College Station, TX 77843, USA.

activity containing the isotopes 253Es (t1/2 = 20.5 d), 254Es
(t1/2 = 275.7 d), and 255Es (t1/2 = 39.8 d) was obtained. This
was loaded into the oven of a positive-surface ionization ion
source of the isotope separator at Bonn (Germany) [7], mass
separated and implanted at an acceleration voltage of 160 kV
into a high-purity (99.99%), annealed 100-µm-thick Fe foil at
room temperature.

The sample thus obtained was soft soldered with Woods
metal onto a Cu sample holder and top-loaded into a 3He-
4He dilution refrigerator in Leuven (Belgium) for nuclear
orientation experiments studying the relation between nuclear
deformation and the anisotropy of the α-particle angular
distribution [6]. Although the measurement was not designed
to determine the half-life of the isotopes present in the sample
the amount of data turned out to be sufficient to extract the
half-life of the 253Es nuclei with good precision.

Decay α-particles were detected with three Si PIN diodes
mounted inside the 4.2-K shield of the refrigerator at angles
of 15◦ (two detectors) and 90◦ (one detector) with respect to
the nuclear orientation axis (i.e., the 0.1-T external orienting
magnetic field). All detectors were observing the foil at an
angle of 15◦ with respect to the plane of the foil to avoid
scattering effects. The energy resolution of these detectors at
their operation temperature of about 10 K was about 20 keV
at 6 MeV. In addition, γ rays were observed with two HPGe
detectors (with relative efficiencies of 70% and 75%) installed
at 0◦ and 90◦ to the polarization axis outside the refrigerator.

About 700 spectra of 1800 s each were recorded for all
α and γ detectors. A typical α spectrum is shown in Fig. 1.

Of course, it is important to assure that the einsteinium
nuclei are in a bulk metal iron environment. At an implantation
energy of 160 keV the nuclei ended up at a depth of about
22 nm in the foil (spread 6 nm). Because the typical oxide layer
on the foil is 2–3 nm thick most of the einsteinium nuclei ended
up in metallic iron. To determine the quality of the implantation
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FIG. 1. α-spectrum observed with the 90◦ detector. The three
rightmost α lines are from 253Es; the four leftmost ones from 254Es.
The α line used for this work is indicated as line 2.

quantitatively the angular distribution of the 1031-keV pure
E2 γ ray in the decay of 250Bk, the daughter isotope of 254Es
was observed. For an axially symmetric ensemble of oriented
nuclei this angular distribution is given by [8]

W (θ ) = 1 + f
∑

λ

Bλ (µB/kBT , I ) UλAλQλPλ (cos θ ),

(1)

where f represents the fraction of the nuclei that experience
the full hyperfine interaction, whereas the rest (1 − f ) is
supposed to feel no interaction at all (two-site model); the Bλ

describe the nuclear orientation and depend on the magnetic
moment µ of the decaying nuclei, the total magnetic field
B at the site of the nuclei, the temperature of the sample
T , and the initial spin I of the oriented state; the Uλ

are deorientation coefficients that account for the effect of
unobserved intermediate radiations; the Aλ are directional
distribution coefficients that depend on the properties of
the observed radiation and the nuclear levels involved; the
Qλ are solid angle correction factors; and Pλ(cos θ ) are the
Legendre polynomials. The detection angle θ is measured
relative to the direction of the saturation magnetization axis of
the Fe host foil that is defined by the applied external magnetic
field. For γ rays and α particles only λ-even terms occur in
Eq. (1).

Experimentally the angular distribution is determined as

W (θ ) = Ncold(θ )

Nwarm(θ )
, (2)

with N (θ )cold,warm the count rates for oriented [N (θ )cold, at
T < 300 mK] and nonoriented [N (θ )warm, at T ≈ 4 K] nuclei.
The sample temperature for temperatures below 300 mK was
monitored by observing the 835-keV γ rays of a 54MnNi
nuclear orientation thermometer that was soldered to the back
side of the sample holder. So-called warm data (4 K) were
obtained by stopping the circulation of the 3He-4He mixture,
connecting the 1.2 K pot (a small volume filled with liquid
helium that is being pumped and that provides cooling to the
dilution unit of the refrigerator) to the helium main bath of the
cryostat (at 4 K) and, in addition, heating the sample by means
of a resistor.
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FIG. 2. α-particle count rate 253Es in the energy region between
6630 and 6680 keV (see Fig. 1) as a function of time throughout
the experiment for the 90◦ detector. The blocks of data points that
were taken at temperatures of 50 mK, ∼1.2 K, and 4 K are indicated.
Highest count rates are obtained at 4 K. The lower count rates at lower
temperatures reflect the anisotropic angular distribution that is due to
the nuclear orientation (the lowest temperature reached was 50 mK).
Superimposed on this is the decay of the 253Es source during the time
of the measurements.

Analysis of the W (0◦)/W (90◦) anisotropy for the 1031-keV
pure E2 γ ray in the decay of 250Bk then yielded for the
fraction f = 0.67(10). In the two-site model used this means
that about 67% of the implanted nuclei ended up at lattice sites
where they experienced the (substitutional) hyperfine field for
Es in Fe (i.e., about 400 T [9]). This fraction value is similar
to what was obtained earlier for Pa implanted in Fe [10]. The
remainder come to rest at sites with zero field such as, e.g.,
irregular (damaged) sites in the iron lattice or “sites” in the
unavoidable thin oxide layer on the iron foil, thus remaining
unoriented at all temperatures. It was shown before [11] that
the low temperature nuclear orientation method is not sensitive
to more elaborated site distribution models. However, the two-
site model was found to be valid if the fraction is constant,
independent of the sample temperature, as was the case here.
Thus, because nuclei can experience the hyperfine magnetic
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FIG. 3. (Color online) Half-life fit for 253Es at 4 K observed with
two of the three α-particle detectors.
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FIG. 4. (Color online) Half-life fit for 253Es at 50 mK observed
with three α-particle detectors.

field only when being in the bulk iron, the large fraction that is
observed proves that most of the nuclei had ended up in a pure
Fe metal environment with undisturbed lattice structure. Note
further that of the remaining 33% also those that had come to
rest at irregular sites were still in metal iron.

For the half-life determination simple windows were set
over the rightmost part of the main 253Es α peak (line 2 in
Fig. 1) after it was checked that there were no changes in
gain during the experiment. At an energy of about 6 MeV no
background was present, as was verified before the sample was
loaded into the refrigerator. The α-particle count rate of the
detector at 90◦ with respect to the orientation axis as a function
of time throughout the experiment is shown in Fig. 2. At several
time intervals distributed throughout the experiment data were
taken at temperatures of 4 K and 50 mK, which were used
for the half-life determination. Data points taken at ∼1.2 K
were not used as the exact temperature for these is not known
with good precision.

Already from the observed evolution of the count rate in
Fig. 2 it is clear that the data do not support the strong
temperature dependence of the half-life predicted by the Debye
plasma model. Indeed, it is easily seen that the count rates at
4 K at the beginning and at the end of the measurement agree
with a single half-life value (see also Fig. 3). This indicates
that no major part of the nuclei has disappeared (due to
some serious shortening of their lifetime) during the period in
between, when the sample was most of the time at significantly
lower temperatures (i.e., between ≈1.2 K and 50 mK). This
observation is at clear variance with the prediction of the Debye
plasma model. It almost provides strong evidence against a
temperature dependence of the lifetime of the α-emitter 253Es
in Fe metal.

Further, all data obtained with the α-particle detectors at
temperatures of 4 K and at 50 mK were fitted for the half-
life. The results are shown in Figs. 3 and 4. This yielded

TABLE I. Half-life values for 253Es quoted in the literature. Two
older results, i.e., t1/2 = 19.3(3) d [17] and t1/2 = 20 d (no error
quoted) [18] were omitted. The value adopted by Nuclear Data Sheets
[19] is t1/2 = 20.47(3) d (from Ref. [14]).

Half-life (d) Sample Ref.

20.03(1) Sublimation onto polished Pt disc [12]
20.7(3) Chemical purification of rock [13]
20.467(24) Electro-deposited on Pt plate covered with Au [14]
20.31(16) Deposited on disk of stainless steel and glass [15]
20.50(17) Deposited on disk of stainless steel and glass [16]

t1/2 = 20.38(7) d for the data at 4 K and t1/2 = 20.19(12) d
for the data at 50 mK. The errors were enlarged to take into
account the fact that the χ2/ν values were larger than unity.
Dead time did not pose a problem in this experiment as the
total count rate, being dominated by the decay of the long-
lived 254Es (t1/2 = 276 d), decreased by only 7.5% during the
period of the measurements. This caused a change in dead time
from about 0.50% to about 0.46% between the beginning and
the end of the measurements, influencing the results for the
253Es half-life only at the level of 0.015 d, i.e., well below the
statistical precision.

The values for the half-life of 253Es that are reported in the
literature are listed in Table I, the two most precise values, i.e.,
t1/2 = 20.03(1) d [12] and t1/2 = 20.467(24) d [14], differing
by as much as 18 σ . The value adopted by Nuclear Data
Sheets is t1/2 = 20.47(3) d [19]. Our result at 4 K is 0.4(3)%
lower than this adopted value; the result at 50 mK is 1.4(6)%
lower. However, at about two standard deviations both results
agree with the adopted value and no evidence for a possible
temperature dependence of the half-life is found.

In conclusion, the α-decay half-life of 253Es in iron, with
the large majority of the einsteinium nuclei in metal iron, was
determined at temperatures of 4 K and 50 mK. Comparing
results with the values reported in the literature, which were
obtained at room temperature and with the activity in most
cases being deposited on the surface of a metal foil, no evidence
for a reduction of the half-life by more than about 2% could
be observed.
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