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Abstract-Radiation encountered in space environments can
be damaging to microelectronics and potentially cause
spacecraft failure. Single event effects (SEE) are a type of
radiation effect that occur when an ion strikes a device.
Single event gate rupture (SEGR) is a type of SEE that can
cause failure in power transistors. Unlike other SEE rates in
which a constant linear energy transfer (LET) can be used,
SEGR rates sometimes require a non-uniform LET to be
used to be accurate. A recent analysis shows that SEGR
rates are most easily calculated when the environment is
described as a stopping rate per unit volume for each ion
species. Stopping rates in silicon for pertinent ions were
calculated using the Stopping and Range of Ions in Matter
(SRIM) software and CREME-MC software. A reference
table was generated and can be used by others to calculate
SEGR rates for a candidate device. Additionally, lasers can
be used to simulate SEEs, providing more control and
information at lower cost than heavy ion testing. The
electron/hole pair generation rate from a laser pulse in a
semiconductor can be related to the LET of an ion.
MATLAB was used to generate a plot to easily make this
comparison.

Index Terms-SEGR, stopping rate, laser testing, generation
equation

I. INTRODUCTION

Space electronics have to be designed to withstand the
radiation environments they will encounter. As
transistors have shrunk in size with the advancement of
technology, the effects of radiation on electronic parts
have changed. Radiation professionals constantly strive
to correctly emulate space radiation environments, test
parts, and design devices that are radiation-hardened but
affordable and functional [1]. The fly-by and orbiter
proposed to be sent to Europa, one of Jupiter’s moons,
through the Europa Habitability Mission, would be put
through Jupiter’s extremely harsh radiation environments.
Jupiter’s magnetic field is ten times the magnitude of
Earth’s, and its radiation belts are a million times more
intense than Earth’s Van Allen belts. Ensuring the
mission does not fail due to radiation would be one of the
biggest challenges scientists and engineers must face.
Radiation would affect every aspect of the mission, not
only the functionality of the electronic parts but even the
probability of Europa being habitable, for high-energy
particles in jovian environments continuously hit
Europa’s surface ice, facilitating energy-producing
reactions, and possibly providing enough energy to
support life below the ice [2].

Radiation can affect parts through total ionizing dose
(TID), displacement damage, and single event effects

(SEE), among others. TID is the accumulated energy
transferred to the oxide material of a transistor from all
ionizing particles.  Effects of TID in metal oxide
semiconductor field effect transistors (MOSFETSs) include
threshold voltage shift, increased leakage current, and
degradation of timing parameters. Microdose, a type of
TID, occurs when a heavy ion strikes a very small
structure in a device and causes significant degradation.
[3] Displacement damage defects (DDD) are caused by
the scattering of atoms in the semiconductor lattice with
incident particles such as protons, neutrons, and high-
energy electrons. These types of interactions are much
more frequent than the hard collisions that cause SEE, and
they occur in the bulk material of the transistor. Devices
dependent on minority carriers are more susceptible to
DDD, while MOSFETs are not. [3] Effects of DDD
include leakage current, gain degradation, and reduced
carrier mobility. [4] When a single particle causes a
discernible effect in a device, a SEE occurs. Unlike TID,
effects created by different particles are not added
together to create an overall effect, but instead, only
particles individually able to cause an event are pertinent
to SEE. [3] There are many different types of SEEs,
which can cause various effects such as transient current,
bit upsets, and device failure, depending on the type.

II. BACKGROUND

Single event gate rupture (SEGR) is a specific type of
SEE that occurs when a heavy ion strikes the channel
region of a power MOSFET, a primary element found on
spacecrafts. SEGR is so important because it is a
destructive event that can cause mission failure. As the
ion travels through the power MOSFET’s wide channel
region, it deposits energy that generates electrons and
holes. The electrons and holes cause the electric field in
the oxide to increase, which in turn can cause oxide
breakdown and device failure. Unlike other SEEs, the
linear energy transfer (LET) of the ion cannot be
considered a constant throughout the ion track as it travels
through the device for some ion energies when calculating
the SEE rate. Lower energy ions, which have higher
LETs, lose significant amounts of energy as they travel
through the power MOSFET’s wide depletion region.
These low energy ions are the highest contributors to
SEGR rates. [5]

A recent analysis [5] shows that calculating the stopping
rate per unit volume of each ion in silicon greatly
simplifies the SEGR rate calculation. It’s importance and
derivation is outlined in [5]. Designated s; for the ith



particle species, the stopping rate is a coefficient that
describes the space radiation environment. The SEGR rate
equation is given by

Z s f X;(t)dt

l
where X;(t) is the directional-average SEGR cross
section, which depends on the device. The equation shows
how a reference table of the stopping rate for each ion in
certain radiation environments can reduce the amount of
work required to calculate the SEGR rate using the most
recent and accurate method. [5]

Additionally, laser testing is another tool that aids in SEE
testing. Typically, parts are irradiated with heavy ions to
create SEEs, but a high-pulsed laser can also be used to
induce SEEs in integrated circuits. Laser testing is an
inexpensive, bench-top tool that provides greater control
and more information that heavy ion testing allows. The
laser can be pinpointed on a specific part of the integrated
circuit, and the device’s response can be monitored on a
digital scope. This allows testers to know where precisely
in the integrated circuit a single event effect is occurring,
as well as see the device’s response. While it cannot
replace heavy ion testing, it is a supplement that can
significantly reduce costs and further aid in ensuring parts
are radiation-hardened. [6]

While laser testing and heavy ion testing are inherently
different, their effect on a device is comparable. A laser
pulse generates electron-hole pairs in a semiconductor, as
does an ion strike, though the generation rates between
the two cannot be directly compared. The laser generation
rate can, though, be converted to a laser LET, which can
be compared to a heavy ion’s LET. The laser LET
equation, derived from the laser generation equation, is a
function of laser energy for certain device sensitivity
depths. [6]

II1. OBJECTIVES

The first objective was to create a reference table of the
stopping rates per unit volume of ions hydrogen to
uranium in silicon for four different radiation
environments. The environments were 100 mils (2.54
mm) of aluminum shielding from spacecraft in
interplanetary space during solar minimum and during
solar flare, and 250 mils (6.35 mm) of aluminum
shielding from spacecraft in interplanetary space during
solar minimum and during solar flare. 100 mils of
aluminum shielding was used because this is the default
assumption used by radiation specialists when no other
information is given, whereas 250 mils was used because
this is a more realistic amount of shielding likely to be
found on a spacecraft. The completed table will facilitate
in calculating more precise SEGR rates.

The second objective was to create an easy to use plot in
MATLAB of the equivalent laser LET versus laser energy
for certain device sensitivities for the laser facility at the
Jet Propulsion Laboratory. This will allow laser testers to
quickly glance at the graph and know how to tune the
laser to correctly emulate the desired LET.

IV. METHODS

Stopping rate

Calculating the stopping rate per unit volume of each ion
in silicon is a multi-step process that requires the use of
two different software programs, the Stopping and Range
of Ions in Matter (SRIM) [7] and Créme-MC [8], both
available online.

The first step is to use SRIM to calculate the energy for
each ion just able to penetrate 100 mils (2.54 mm) or 250
mils (6.35 mm), depending on the environment being
used, of aluminum, Er;, where i is the atomic number of
the element being used. The minimum and maximum
energies need to be changed for each ion to include 2.54
mm (or 6.35 mm) in the chart produced by SRIM. In
almost all cases, the energy for the desired amount of
shielding must be extrapolated from the bordering
energies, for 2.54 mm or 6.35 mm of shielding is rarely
explicitly given in the table. For example, energies for
2.48 mm and 2.73 mm may be given by SRIM, and the
energy for 2.54 mm must be extrapolated using a linear
approximation. Then, SRIM is used again to calculate the
LET, L;(Er;), in the target material, silicon, for the
energy of the ion found in the first step. Once again, the
LET for the desired energy must likely be extrapolated
from the given energies.

Créme-MC is a free software found online that describes
radiation environments and aids in calculating SEE rates.
For units consistency with the CREME-MC program,
divide Er; by the atomic mass unit (amu) for the

particular ion to get %, measured in eV/nucleon. Then,
find the omnidirectional differential flux, /ZUIOMN,(%),

for the ion species at energy % using CREME-MC for a

radiation environment of galactic cosmic rays in
interplanetary space during solar minimum and again
during solar flare. CREME-MC gives the omnidirectional
flux in terms of particles/m?-s-sr-MeV/nucleon. This will
be denoted as /4. The desired units of flux are

particles/ cm? -day-MeV, which is calculated by

ET'i) = % X /7. Finally, the stopping rate for

/2y, omni (=
the ion is calculated by s;=p X Ll-(ET_i) X
/ZU,OMN,(%), where p is the density of silicon, 2.33
g/cm3. Multiply this by 103 to get the desired units for s;
of particles/cm?3-day.



The tables of the stopping rates for ions hydrogen through
uranium are included in the Appendix: The Stopping
Rates.

Laser LET
The laser generation rate is given by

2
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where wg;(2) = w, /1+(Zi)2, a = optical absorption of

semiconductor, T = energy coefficient of surface of
semiconductor, E,= energy of laser pulse, E, = energy of
photon, @y = laser beam waist, T = laser pulse length, and
7. = confocal length [6]. The equivalent laser LET is
given by

E oo d oo
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where £, is the pair generation energy [6]. Approximating
ws;(z) = w, and plugging in the generation equation,
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Integrating overr, z, and t,
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Plugging in the values for JPL’s laser facility and dividing
by the density of silicon,

3.6 MeV 2E, _103d
LET = 7 (L—e m)
d 155 MeV x 2.33—=

in units of MeV-cm?’mg. The graph generated in
MATLAB for device sensitivities d of 1 um, 5 pm, 10
um, and 20 pum of laser LET versus laser energy is shown
in Figure 1. The laser energy depends on the laser’s
wavelength and pulse length.
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Figure 1. MATLAB plot of equivalent laser LET as a
function of laser energy for certain device sensitivities.

IV.RESULTS

The stopping rates per unit volume for ions hydrogen
through uranium were calculated and are shown in the
tables in the Appendix. A few ions have stopping rates of
0 because they are essentially non-existent for that
radiation environment and are not included in the Créme-
MC software.

For almost all ions, shielding was effective in lowering
the stopping rate. Generally, the stopping rates for 250
mils of aluminum shielding were less than the stopping
rates for 100 mils of shielding. While this may seem
intuitive, shielding is not always effective at lowering
SEE rates and can even increase the rates in certain cases.

The graph of laser LET vs. laser energy, shown in Figure
1, is an effective aid for using laser testing. It is easy to
determine the necessary laser energy for the desired LET
for a particular device sensitivity by looking at the graph.
It is then simple to tune the laser to achieve this energy
and accurately induce SEEs in integrated circuits. The
graph shows that as device sensitivity depth increases, the
average LET for a certain energy decreases, as is
expected.



V. CONCLUSIONS

Overall, software was able to improve SEE testing at no
additional cost. SRIM and Créme-MC were used to
calculating the stopping rates for 92 different ions in four
radiation environments. These reference tables will be
extremely helpful in calculating much more precise
SEGR rates than previous rate calculation methods.
Additionally, the rate calculation that uses the stopping
rate is not limited to SEGR; it can be applied to other
SEEs that also require the use of a non-variable LET
throughout the ion track. MATLAB was used to generate
a graph of the equivalent laser LET versus laser energy.
This graph will further make laser testing at JPL a
valuable, affordable supplement to heavy ion testing.
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VIII. APPENDIX: THE STOPPING RATES

The tables of stopping rates for ions hydrogen to uranium
for the four radiation environments are attached.
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Stopping Rates of lons for 250 mils aluminum shielding, IGCR

during solar minimum during solar flare
Atomic Number Element| AMU |Shield Energy E (MeV)|E/m (MeV/nucleon) LET (MeV-cm2/mg) |h* (1/m2-s-sr-MeV/nuc) |huomni (1/cm2-day-MeV) |Stopping Rate (1/cm3-day) | h* (1/m2-s-s--MeV/nuc) huomni (1/cm2-day-Mev) Stopping Rate (1/cm3-day)
1 H| 1.008 37.2 36.9047619 0.0129) 0.61 65.7202381 1914.101935f 168000 18100000 527162500
2 He| 4.003 148.5 37.08717712 0.0498 0.289 7.840469648 909.7610551 507 13754.73395 1596016.799)
3 Li| 6.941 300 43.22143783 0.101] 0.000585 0.009153004 2.153876405} 0 0
4 Be| 9.012 456.2 50.6213937 0.152 0.00019 0.002289614 0.81088964] 0 0
5 B| 10.811 639.7 59.1712145 0.215 0.00142 0.01426436 7.145731329] 0 0
6 C| 12,011 816.9 68.01265507 0.276] 0.00623 0.056329864 36.22460913 0.602 5.443110482 3500.355489)
7 N| 14.007 1050 7496251874 0.355 0.00155 0.012017563 9940326944 0.107 0.828559486 686.2032148)
8 0| 15.999 1293 80.8175511 0.437 0.00651 0.044189387 44.99407557] 0.668 4.534333396 4616.903607|
9 F| 18.998 1588 83.58774608 0.538 1.39E-04 0.000794578 0.997887146¢ 2.68E-05 0.000153199 0.192398385
10 Ne| 20.18 1824 90.38652131 0.62[ 0.0011 0.005919722 8.55163112] 0.0933 0.502100099 725.3338032|
11 Na| 2299 2185 95.04132231 0.?49[ 0.000241 0.001138434 1.986761041 0.00632 0.029854371 52.10095345)
12 Mg| 24.305 2414 99.32112734 0.32]" 0.00146 0.006523596 12.5703823 0.0633 0.282838099 545.0035616)
13 Al| 26.982 2851 105.6630346 0.989) 0.000271 0.001090749 2.513490168] 0.00444 0.01787058 41.18042933
14 Si| 28.086 3097 110.2684612 1.07) 0.000993 0.003839628 9.572577279| 0.0744 0.287682119 717.2202914
15 P| 30.974 3512 113.38542 1.24) 3.77E-05 0.000132182 0.372662054] 4.25E-05 0.000143012 0.420109742|
16 §| 32.065 3861 1204116638 1.35) 0.000167 0.000565607 1.77911795] 0.0145 0.049109621 154.4743131]
17 Cl| 35.453 4248 119.8206076 1.48 3.13E-05 9.58785E-05 0.330627375 2.54E-05 7.78055E-05 0.268304643|
18 Ar| 39.948 4873 121.9835787 1.7 5.88E-05 0.00015985 0.633165077] 2.51E-04 0.000682352 2.7027965|
19 K| 39.098 4995 127.7558954 1.74 6.16E-05 0.000171102 0.693683181] 434605 0.000120549 0.488731332|
20 Ca| 40.078 5375 134.1134787 188 0.000192 0.000520265 2.278970919 0.00478 0.012952443 56.73688016)
21 Sc| 44.956 5944 132.2181689 2.08 3.63E-05 8.76897E-05 0424979561 1.22E-05 2.94715E-05 0.142830596)
22 Ti| 47.867 6439 134.5185618 2.25) 0.00013 0.000294942 1.546234671 0.000174 0.000354769 2.069575637|
3 V| 50.942 6961 136.645597 244 7.25E-05 0.000154558 0.878693852 1.56E-05 3.32566E-05 0.189070677|
24 Cr| 51,996 7365 141.6455112 26 0.000138 0.00028823 1.746096515f 5.65E-04 0.001180072 7.148873413)
25 Mn| 54.938 7865 143.1613819 2.77) 8.54E-05 0.000168816 1.08955847] 1.87E-09 3.65657E-09 2.3858E-05)
26 Fe| 55.845 8278 148.2317128 2.93 0.000725 0.001409885 9.625140505 0.0301 0.058534515 399.6092817
27 Co| 58.933 8815 149.5766379 3.12) 3.60E-06 6.63397E-06 0.048226339 3.82E-04 0.000703938 5.11735038|
28 Ni| 58.693 9175 156.3218782 3.2¢0 3.36E-05 6.21703€-05 0.47223298 8.196-04 0.0015154 11.51067892
29 Cu| 63.546 9868 155.2890819 3.51[ 4.94€-07 8.44245E-07 0.00690449) 8.03E-06 1.37233E-05 0.112232901]
30 2n| 65.38 10330 157.9993882 3.68 6.40E-07 1.06308E-06 0.009115251 1.94E-05 3.22245E-05 0.27630604|
31 Ga| 69.723 11040 158.3408631 3.93 4.73E-08 7.36741£-08 0.000674626f 1.21E-06 1.88469E-06 0.017257886)
32 Ge| 7263 11760 161.9165634 4.2} 1.02e07 1.52515€-07 0.001492517] 2.85E-06 4.26146E-06 0.041702669)
33 As| 74.922 12260 163.636849 4.38 6.48E-09 9.39281E-09 9.58574E-05 1.66E-07 2.40618E-07 0.002455605)
34 Se| 78.96 13040 165.1469098 4.66] 3.79E-08 5.21269¢€-08 0000565983 1.62E-06 2.22812€-06 0.024192432
35 Br| 79.904 13390 167.5760913 4.81) 7.06E-09 9.59546E-09 0.000107539 2.06E-07 2.79981E-07 0.003137831]
36 Kr| 83.798 14320 170.8871333 5.17) 1.97E-08 2.55307E-08 0.000307545 9.77€-07 1.26617E-06 0.015252365)
37 Rb| 85.468 14770 172.8132166 5.33) 6.41E-09 8.14487€-09 0.00010115] 1.47€-07 1.86786E-07 0.002319673|
38 Sr| 87.62 15430 176.1013467 5.57) 2.11E-08 2.61522E-08 0.000339406f 4.48E-07 5.5527E-07 0.007206356)
39 Y| 88.906 16000 179.9653567 5.78 4.73E-09 5.77777E-09 7.78115E-05) 8.43E-08 1.02974E-07 0.001386788|
40 2r| 91.224 16620 182.1888977 6.02] 1.16E-08! 1.38095€-08' 0.000193701] 2.036-07 2.41667€-07 0.003389762|
41 Nb| 92.906 17240 185.5639033 6.26) 2.11E-09 2.46643E-09 3.59748E-05 1.54E-08 1.80014E-08 0.000262565|
42 Mo| 95.96 18220 189.8707795 6.63) 5.88E-09 6.65452E-09 0.000102798) 7.22E-08 8.17103E-08 0.001262252|
43 T 98 18649 190.2959184 6.1 6.89E-10 7.63524€-10 1.21151€-05) 0 0)
a4 Ru| 101.07 19520 193.1334719 1.13 2.25E-09 2.41763E-09 4.01639E-05 3.09€-08 3.32021E-08 0.000551584
45 Rh| 102.91 20230 196.5871766 74 1.16E-09 1.22419€-09 2.11074E-05) 6.54E-09 6.90187E-09 0.000119002|
46 Pd| 106.42 20860 196.0157865 7.66) 3.33E-09 3.39821€-09 6.06507E-05} 2.06E-08 2.1022€-08 0.000375196)
47 Ag| 107.87 21500 199.3176846 19 1.08E-09 1.08733£-09 2.00145E-09] 6.29€-09 6.33268E-09 0.000116566)
43 Cd| 11241 22520 200.336266. 8.25) 2.89E-09 2.79202E-09 5.36696E-05 2.17E-08 2.09643E-08 0.000402987|
49 In| 114.82 23140 2015363445 8.52) 6.36E-10 6.01557€-10 1.15419€-05] 2.726-09 25727809 5.10722€-05)
50 Sn| 118.71 24100 203.0157527 8.89 3.39E-09 3.10129€-09 6.42392E-05 5.99€-08 5.47986E-08 0.001135081|
51 Sb| 121.76 24800 203.6793693 9.15[ 7.14E-10 6.3683E-10 1.35769E-05) 4.13E-09 3.68362E-09 7.8533E-05)
52 Te| 1276 26100 204.5454545, 9.66| 4.11€-09 3.49801E-09 7.87325E-05) 9.15€-08 7.78754E-08 0.001752804|
53 I| 126.9 26480 208.6616655 9.81) 7.91E-10 6.7691E-10 1.54723E-09) 1.67E-08 1.42913E-08 0.00032666|
54 Xe| 131.28 27550 209.8360156 10.2) 1.94E-09 1.60469E-09 3.8137E-05) 7.34E-08 6.07134E-08 0.001442914)




during solar minimum during solar flare

Atomic Number | Element . AMU |Shield Energy E (MeV) E/m (MeV/nucleon) |LET (MeV-cm2/mg) |h* (1/m2-s-sr-MeV/nuc) [huomni (1/cm2-day-MeV) |Stopping Rate (1/cm3-day) | h* (1/m2-s-sr-MeV/nuc) |huomni (1/cm2-day-Mev) |Stopping Rate (1/cm3-day)
55| Cs| 13281 28320 213.0845341 10. 4.5?5-10] 3.815975-10| 9.33578E-06| 5.19E-09 4.24088E-09 0.000103753]
56/ Ba| 137.33 28920 210.592236) 104 4‘82E-09| 3.81172€-08 B.SBIHIE-DS[ 5.37E-08 4.24667E-08 0.001068631)
57 la| 138.91 29700 213.8151974 1] 4.31E-10 3.36568E-10/ 8.5365E-0Enl 5.15E-09 4.02642E-09 0.000103197]
58] Ce| 140.12 30140 215.1074824 11.2) 1.29E-09 9.99843E-10 2.60919E-05[ 1.26E-08 9.76591E-09 0.000254851)
59| Pr| 140.91 30750 218.227496| 11.9) 3.08E-10 2.3738E-10 E.iﬁﬂﬁlE-ﬂ&l 1.94E-09 1.45519E-09 4.00636E-05
60| Nd| 144.24 31960 221.5720803 119 1.14E-09 8.58308E-10 2.37983E-05[ 9.29E-09 6.99445E-09 0.000193935)
61 Pm| 145 32440 223.7241379 12.9) 1.35E-10 1.0111€-10 23506&06] 0 0f
62 Sm| 150.36 33440 2223995744 12.9 1.29E-09 9.31724E-10 2.71355E-USI 2.31E-09 1.66844E-09 4.85932E-05
63 Eu| 151.96 34380 226.2377932 12.9 2.20E-10 1.57221E-10 4.72561E-05| 8.75E-10 6.25313E-10 1.8795E-05)
64/ Gd| 157.25 35100 223.2114467 13.2) 9.99E-10 6.89925E-10/ 2.11195E-05[ 4.55E-09 3.14232E-09 9.66452E-05
65| Tb| 158.93 33340 222.365042 13.3 2.50!-10] 1.70835E-10 5.29401E-06[ 6.90E-10 4.71505E-10 1.46115E-05)
66| Dy 162.5 37050 228 14 9.94Ev10| 6.64298E-10 2.156915-05[ 4.28E-09 2.86036E-09 9.33048E-05
67/ Ho| 164.93 38560 233.7961559 49 3.TSE-IU| 2.46523E-10 8.399325-06[ 7.96E-10 5.24135E-10 1.783E-05
68| Er| 167.26 38220 228.507883| 14.5' E‘ZEE-IDI 4.06457€-10 1.3?322E-05[ 2.13E-09 1.38299E-09 4.67244E-05
69| Tm| 168.93 39000 230.8593889 144 1.28E-10 8.22854E-11 2.337535-05[ 4.13E-10 2.65499E-10 9.15547E-06)
70! Yb| 173.05 39720 229.5237325 15.1) 6.32E-10 3.96611E-10 1.3954E-05I 1.90E-09 1.19234E-09 4.19503E-05|
71 Lu| 174.97 40630 232.215177 15.§ 9.21E-11 5.71654E-11 2.05453E-051 4.06E-10 2.526-10 9.10095E-05|
72 Hf| 178.49 41880 2346349936 16 5.73E-10 3.48635€-10 1.29971E-05[ 1.58E-09 9.61331E-10 3.583545-05'
73 Ta| 180.95 42800 236.5320424 lﬁ.ﬂl 5.15€-11 3.09089€-11 1.18109E-06| 1.73€-10 1.0383E-10 3.96755E-05|
74 W/ 183.84 43920 238.9033943 15.8' 5.71E-10 3.37307€-10 1.320365-05[ 1.85E-09 1,09285E-09 ﬁ.Z??BEE-OSl
75/ Re| 186.21 44950 241.398014 17.3] 1“3?E-1I]] 1.14895E-10 4,63129E-06) 3.67E-10 2.14042E-10 8.62784E-06|
76! Os| 150.23 46190 242.8113336 174 8.43E-10 4.81258E-10 1.99597E-05) 5.35E-09 3.05425E-09 0.000126672]
77 Ir| 192.22 47080 244.9315097 18.2) 5.54E-10 3.13002€-10 1.32732€-05) 5.23E-09 2,95488E-09 0.000125305)
78] Pt| 195.08, 48240 247.2780956 18.7] 1.05E-09 5.84517€-10 2.5468E-05) 1.00E-08 5.56683E-09 0.000242552]
79| Au| 196.97 48840 247.9603182 19 1.96E-10 1.08067¢-10 4,78412E-06) 1.67E-09 9.20774E-10 4.07626E-05
80| Hg| 200.59 50200 250.2617279 19.5) 3.42E-10 1.8516E-10 8.412‘.'3E-05] 1.64E-09 8.87901E-10 4.03418E-05
81 Tl 204.38 51190 250.461144 20 1.05E-10 5.57923E-11 2.595925-06[ 1.47E-09 7.81092E-10 3.63989E-05)
82 Pb| 207.2 51340 2477799228 2I'.‘ 9.80E-10 5.13649E-10 2.3936E-DS] 1.69E-08 8.85782E-09 0.000412774)
83 Bi| 208.98 53020 253.7084889 20.8) 5.08E-11 2.63991¢-11 1.27941E-06) 9.45E-10 4.91085E-10 2.38E-05
84/ Po| 209 53710 256.9856459 219 0) 0f 0 0f
85| At| 210 54320 258.6666667 214 0) 0 0 0f
86| Rn| 222 56020 252.3423423 22 0 0 0 0f
87/ Fr| 223 56630 253.9461883 22.3 0 0 0 [v
88| Ra| 226 57440 254.158292 2.8 0 0f 0 0f
89| Acl 227 57980 255.4185022 24 0) 0 0 0f
90 Th| 232.04 58720 253.0619985 23 5.64E-11 2.63967¢-11 1.4146E-06] 3.17E-10 1.48364E-10 T.95085E-05|
91 Pa| 231.04 58720 254,1595249 229 0 0 0
92 U| 238.03 62220 261.3967206 24.3 3.39E-11 1.54668E-11 8.75713E-07) 1.74E-10 7.9387E-11 4,45481E-06|




