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Isotope dependence of muon decay in orbit
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The decay y~ — e"b,v, of a muon that is bound to a nucleus poses an unavoidable background for
experiments such as Mu2e, COMET, and DeeMe searching for lepton-flavor-violating y~ — e~ conversion
and thus requires a precise understanding. We calculate the electron-energy spectra of muon decays in orbit
near the electron energy end point for all stable isotopes and estimate uncertainties due to the nuclear charge
distribution. Our results enable background studies of mixed or enriched target materials that are necessary
for the next generation of 4~ — e~ conversion experiments.
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I. INTRODUCTION

The search for lepton flavor violation (LFV) is a
sensitive probe of physics beyond the Standard Model
[1]. Rare muon decays are a particularly interesting avenue
due to their long lifetime and the relative ease to produce
them in large numbers. Particularly clean processes are the
decays y — ey and  — 3e as well as the coherent y~ — e~
conversion in the field of a nucleus, u~ + (A,Z) -
e” + (A, Z), the latter being especially sensitive to effective
LFV operators involving quarks [2,3]. An immense jump in
sensitivity to 4~ — e~ conversion in nuclei is expected in
the near future with experiments such as DeeMe [4,5],
COMET [6,7], and Mu2e [8,9]. Since the u~ — e~ con-
version rate depends on the target nucleus (notably its
charge Z), it is possible to differentiate between different
LFV effective operators using complementary target nuclei
in the event of a positive signal observation [3,10-14].
DeeMe will use graphite or silicon carbide targets while
COMET and Mu2e study y~ — e~ conversion in alumin-
ium. Previous experiments set limits using copper [15],
sulfur [16], lead [17], titanium [18], and gold [19] targets.
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u~ — e~ conversion of bound muons produces approx-
imately monoenergetic electrons with energy

Eena = m, — E}, — Erecoits (1)

where Ej, ~a’Z?m,/2 and E,eon = (m, — E,)?/(2my)
are small corrections due to the muon’s binding and nuclear
recoil, respectively, in a nucleus with charge Z and mass
my. While electron energies ~m,, are seemingly far away
from the typical electron energies of the competing y —
evv decay in orbit (DIO), the presence of a heavy nucleus
ensures that this Standard Model decay distribution has a
tail up to E.q, providing an irreducible background.
Precise calculations are necessary to predict and understand
this background DIO spectrum near the electron-energy
end point in order to chose the optimal signal window. Such
calculations exist [20-25], most importantly for alumin-
ium, but are lacking sufficient precision for other target
nuclei.

Here we set out to provide the DIO spectrum near the
electron end point—as relevant for = — e~ conversion
experiments—for all stable nuclei, including isotopes. We
use the most up-to-date data for the necessary nuclear
charge distributions and include the dominant radiative
corrections due to the soft photon bremsstrahlung.

II. MUON DECAY IN ORBIT

Calculating the 4 — evv decay of a bound muon requires
solving Dirac equation for both the bound muon and the
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outgoing electron in the electric field of the nucleus
[26-31]. For spherically symmetric charge distribution p,
the electric potential V is given by

V(r)=—e Am d# [G(rr— ) + 6(?’: r) p(7), (2)

with the Heaviside € function. The charge distribution is
normalized as follows:

47:%00 drr?p(r) = Ze. (3)

For a given charge distribution the potential V can be
calculated and the Dirac equation for muon and electron be
solved numerically. The relevant formulas are given in
Ref. [21], which we follow closely. The Dirac equation
provides us with the muon binding energy E, and the
wave functions of a bound muon and free electron in
the Coulomb background, which ultimately determine
the decay rate. Reference [21] also provided an expansion
of the DIO spectrum near the end point of the form
dI'/dE, ~T\B(E, = Eenq)’, where TI'y = Gim;,/(1927°)
is the leading-order free-muon decay rate and B is a
coefficient of mass dimension —6 that depends on several
overlap integrals over products of wave functions.

Here, we improve the end point expansion of Ref. [21]
by implementing the leading radiative corrections:

E, \5+
end(1 - E ) ’ (4)

1 dr _ pps
end

T, dE,

Ee NEIend

with § = a(2log[2m,/m,] —2)/7x ~0.023 [23] coming
from soft photon radiation and a shifted end point
energy [25]

Epg = Eena +

e (1 2P

due to the vacuum polarization effects. Here, E.q is given
by Eq. (1). Notice that E, ; coincides with the electron
energy in y~ — e~ conversion. In the above formulas,
a = 7.2973525693(11) x 1073 [32] is the fine structure
constant.

For a target that consists of several isotopes, the above
spectrum dI'/dE, is to be summed over the isotopes,
weighted by their abundance. This is necessary because
both the coefficient B and the binding energy £, depend to a
small degree on the number of neutrons in the nucleus. In the
following we will determine how large this dependence is.

III. NUCLEAR CHARGE DISTRIBUTIONS

The electric-charge distribution of nuclei will be
approximated as spherically symmetric in the following

and denoted as p(r), normalized according to Eq. (3).
Experimental information about p can be obtained via
spectroscopy in (muonic) atoms and through scattering.
For example, electron-nucleus scattering cross sections
with momentum transfer ¢ in the Born approximation are

proportional to the squared form factor |F(q)|?, which is

related to p(r) by Fourier transformation:
Az [ sin(gqr)

Flg) = — 2d 6

@ =5 [To = I 6)
dnZe [ sin(gr)

= = F(q)——>¢*dq. 7

o) =5 [T ra S g (1)

We have normalized F(g) so that it gives 1 for a point
charge. Since scattering experiments can only be performed
over a finite range of ¢, it is not possible to obtain p model
independently; rather, once a parametrization for p(r) is
chosen, F(g) can be calculated and fitted to data.

Popular parametrizations for spherically symmetric
charge distributions with varying degrees of complexity
are listed below:

(1) Three-parameter Fermi model (3PF) [33,34]:

- (s ®

The two-parameter Fermi model (2PF) can be ob-
tained as the special case w = 0; the one-parameter
Fermi function (1PF) is defined here through w = 0
and z = 0.52 fm (which corresponds to a constant
surface thickness of 2.3 fm).

(2) Three-parameter Gaussian model (3PG) [34]:

Po

0= e

2

+ wr—Z). 9)
c

(3) Modified-harmonic oscillator model (MHO) [35]:

2
p(r) :Po(l +w%)e"2/“2- (10)
(4) Fourier-Bessel expansion (FB) [36]:

Shaog), r<R

r) = . 11

o =15 =

Here, a, ., are the FB coefficients and jy(x) =

sin(x)/x the spherical Bessel function of order zero.
n < 18 for our data.
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(5) Sum of Gaussians (SOG) [37]:

_(r-Ry)? _(r+Rp)?
e 7 +e 7

727 (1+ 2R3 /7?)

o) = 26305 (12)
k

with Y 7 0, = 1.
The normalization p, can be calculated analytically in all
cases and the potential V in Eq. (2) as well, except for the
3PG model, and are given in Appendix A.

The simplest parametrization, 1PF, takes as input only
the nuclear charge radius, listed for all elements and
isotopes of interest in Ref. [38]. For many isotopes this
is the only available parametrization, making it extremely
valuable despite its lack of substructure. For the multi-
parameter parametrizations we use the available data tables
from Refs. [39-43], generally choosing the newest possible
dataset for a given isotope.

For several parametrizations the errors on the fit param-
eters are either not given in the literature (e.g., for FB) or
not representative of the uncertainties in the charge dis-
tribution (e.g., the errors on the charge radius relevant for
1PF are tiny). To obtain an estimate for the error on our
DIO spectrum from the uncertainty of the nuclear charge
distribution we will compare the results of several para-
metrizations for a given isotope.

We restrict our survey to the 237 stable isotopes with
natural abundance above 1%. Only half of these isotopes
have a charge parametrization with two or more parame-
ters, for the other half we have to rely on the simplistic
1PF model.

IV. RESULTS

For a given charge distribution we solve the Dirac
equations numerically using a fourth-order Runge-Kutta
method to extract the muon binding energy E; and evaluate
the coefficient B, which can then be put into Eq. (4). Our
results agree with Ref. [21] for the six elements presented
there, using their charge parametrizations. Our results for
the binding energy also match the point-charge approxi-

mation Ej, ~m,(1 — V1 —Z?a*) for small/light nuclei
[44,45]. Table I provides our results and will be discussed
in the following.

A. Binding energy

Our results for the muon binding energy E,, as a function
of Z are shown in Fig. 1 (top) for all elements, isotopes,
and available parametrizations. E,(Z) is very well behaved
and agrees with the point-nucleus approximation E, =

m,(1 =1 —Z*a*) for Z < 20. For Z > 50, the Z depend-
ence becomes linear and is approximately given by
E,/(am,) = —=3.93 +0.21Z.

Since the differences between the different parametriza-
tions cannot be seen in Fig. 1 (top), we show in Fig. 1
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. 1. Top: muon binding ener: VS or all available
FIG. 1. T bind y E, Z for all labl

paramtrizations. Middle: difference of binding energies calcu-
lated with the 1PF charge distribution and other distributions.
Bottom: isotope dependence calculated using 1PF distributions,
i.e., the difference in binding energies between isotopes (Z, N)
and (Z, Ny), with N the smallest stable neutron number.

(middle) the difference between the 1PF parametrization
result with all the other available parametrizations. The
relative difference is below 1% for all Z and markedly
smaller for small Z. We take this as a sign that the end point
energy does not depend strongly on the details of the charge
distribution and is hence given by the 1PF results for all
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isotopes with at least 1% accuracy, and even far better for
smaller Z (say Z < 20). Using the 1PF results we can
illustrate the isotope dependence of E, by taking the
difference between E,(Z,N) and E,(Z,N,), N, being
the neutron number of the lightest stable isotope. This is
shown in Fig. 1 (bottom). The relative changes between
isotopes are below 1%, once again smaller for smaller Z.
Overall they are of similar size as the parametrization
uncertainty.

Ultimately, the quantity of interest for y~ — e~ con-
version experiments is not the binding energy E; but the
related end point energy E, ;, given by Eq. (5). Since E, is
itself only a small correction to the leading-order estimate
E( 4 ~ m,, small uncertainties in E, are even less relevant
in E, ;. In fact, the relative parametrization uncertainty
as well as the isotope dependence of E, , are below
one per mille for all Z. Therefore, the end point energies
(shown in Fig. 2) are well approximated by the 1PF results,
available for all isotopes of interest.

Notice that we have approximated the nuclear-recoil
energy in Eq. (1) at leading order in 1/my, which is an
excellent approximation for heavy nuclei; for light nuclei,
e.g., SLi, the subleading recoil terms can be of order
m3 /m3, ~0.04 MeV and pose the largest remaining uncer-
tainty of the end point energy.

B. B coefficient

Having determined the electron end point for all isotopes,
we can move on to the more difficult task of determining the
B coefficient in Eq. (4), which provides the normalization of
the spectrum and hence the number of electrons within the
signal window of a given u~ — e~ conversion experiment.
Our results are shown in Fig. 3, which illustrates that the
dependence of B on the charge distribution, and by exten-
sion the isotope, is much larger than for the binding or end
point energies, at least for large Z.
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FIG.2. End pointenergy E., ; from Eq. (5) vs Z for all isotopes
in all available charge-distribution parametrizations. The relative

uncertainty as well as isotope dependence is below one per mille.
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FIG. 3. B coefficient from Eq. (4) on a linear scale (top) and on

a log scale (bottom).

To be more quantitative, we show in Fig. 4 (top) the
differences in B for charge parametrizations relative to 1PF.
The differences for small Z are typically below 5% and
grow to 10% for larger Z. This serves as an estimate for the
uncertainty on B due to p. In Fig. 4 (bottom) we also see
that the isotope differences are often of the same order or
even larger than these uncertainties and should not be
neglected.

C. Connection to form factor

As mentioned above, the finite size of the nucleus in
electron-nucleus scattering can, to first order, be incorpo-
rated by multiplying the point-nucleus cross section by the
form factor squared at the relevant momentum transfer g:
|F(q)|*. The same argument can be made for DIO, where
we expect B o |F(m,)|* at leading order, with ¢ = m,, the
relevant momentum-transfer scale [23]. Since the nuclear
charge distribution complicates the numerical solution of
the Dirac equation it would be convenient if this effect
could indeed be factored out. To test the scaling
B  |F(m,)|*, we calculated the ratio of B/|F(m,,)|? for the
1PF charge distribution and compared it to the avail-
able multiparameter charge distributions (FB, SOG,
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« FB = SOG e MHO 4 3PG w 2PF/3PF
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FIG. 4. Top: relative difference of B coefficients calculated
with the 1PF charge distribution and other distributions.
Bottom: relative isotope dependence of B calculated using
1PF distributions.

3PG, 2PF/3PF). The result is shown in Fig. 5 and illustrates
that the scaling B o« |F(m,,)|* holds to better than 2% for all
Z, at least in the region of interest for us. This makes it
possible to simply rescale our B results obtained with ppp
by the ratio of form factors to obtain fairly accurate
estimates of B with new data, without the need to numeri-
cally solve Dirac equations again.
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FIG. 5. B coefficient scaling with the squared form factor

|F(m,)|*. See text for details.

In addition, the scaling B « |F(m,)|* opens up a differ-
ent way to estimate the uncertainty on B due to the charge
distribution. Rather than trying to estimate the B uncer-
tainty from the uncertainty of p(r)—which is itself difficult
to estimate as p is not a measured observable—we can
look directly at electron-nucleus scattering data to obtain
|[F(g = m,)|* including uncertainties. Despite the ~2%
uncertainty in the scaling B o |F(m,,)|* (Fig. 5) this can be
beneficial compared to the usual chain of measuring F(g),
fitting p(r), calculating V(r), and solving Dirac equation to
get B, which is quite tedious to propagate errors. Notice
that electron-nucleus scattering data around g~ m, ~
0.53 fm~! is not available for all isotopes, nor is the actual
form factor plus error bars given explicitly in many cases,
rendering this approach unsuitable in general.

As a concrete example for the above procedure we
consider g’Li. The B coefficients using 1PF and FB [43] are
B =120x10"" MeV™ and B =1.29 x 107" MeV~°,
respectively. Neither come with any reliable error bars so
the best we can do is interpret the difference between the
two parametrizations as an estimate of the uncertainty,
which is roughly 7%." Using instead the form factor data
from Ref. [43] underlying the FB parametrization, we have
the interpolated value |F(m,)|* = 0.57 with 2.5% (system-
atic) uncertainty; since the experimental form factor value
is larger than the FB fit at ¢ ~ m,, [43], B should be larger as
well, and can be estimated as

, B
B(°Li) :ﬁ |F(m,) 2. (13)
u)IFB
1.29 x 1071 MeV~°
_ 129 855 Y 057, (14)
=1.32x 107" MeV~°, (15)

with an error of 3%, generously adding the experimental
uncertainty and the B o« |F(m,)|* scaling uncertainty in
quadrature. This gives us a more reliable result for B and its
error, which in this case happens to be even smaller than
our naive estimate.

V. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for y~ — e~ conversion such as
COMET, DeeMe, and MuZ2e, promise to improve existing
limits by several orders of magnitude. An observation
would make it possible to track the nucleus dependence of
the 4~ — e~ conversion rate by looking at different target

'Since gLi is a small nucleus (r=~2.6 fm), the 1PF para-
metrization with its constant skin thickness is not expected to be
reliable here, so the FB result should be more realistic.
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materials, which would then help to discriminate the
possible underlying new-physics models and operators.
Muon decay in orbit is an irreducible background in all
u~ — e~ conversion searches and thus needs to be calcu-
lated to sufficient precision. In this article, we have
performed a broad study of the DIO spectrum near the
end point for all stable isotopes that could conceivably
be used experimentally, extending previous studies. Our
results are sufficient for background studies involving
broad range of different or enriched target materials.
Once the experiments choose alternative target materials,
the next step in our investigation will be a detailed study of
the DIO spectrum over the complete energy range.
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APPENDIX A: ANALYTIC EXPRESSIONS FOR
THE POTENTIALS

For completeness we give the normalization constants p,
[defined via Eq. (3)] and the electric potentials V [defined
via Eq. (2)] for all charge parametrizations of interest.

1. Three-parameter Fermi model

The normalization is analytically given by

—Ze
872z Liz(—exp<) + %Z—é"zs Lis(—exp$)

Po = ) (Al)

where Li; is the sth-order polylogarithm function. The
analytic formula of the nuclear potential is

2

1 3 2
V(r)=—epy {;{%Jrﬂ; C+F(3c +107%z

—273 (Li3(—)(0)—<1+3w 2>L13(—)( ))

5

202 4Tt

2405 (Lis(~70)- Lis<—;r1>>}

<1 +o— >L12(—)( )+ 180)?@(#")} ;
(A2)

where yo = exp (—c/z) and y = yyexp (r/z).

2. Three-parameter Gaussian model

The normalization is

~Ze/(V7z2)?
Po = 2 ( 327 2 (AS)

Liy(—exp5) + @55 Lis(—exp%)

2 Z C 2 Z
The potential is
2 2

V(r) = —epy {I(r) +E (l + a)?> In(1 + xg')

4

- wﬁle(—)@l)} ; (Ad)

where yo = exp (=c?/z%) and y = ygo exp (r*/z*). Here
the integral I(r) is defined by

2
3,,—1 r/ 1+ a)f?
I(r) = Z)(GO/ zdxxziz — (AS)
r o Jo exp(x®) + xco
with xy = ¢/z.
3. Modified-harmonic oscillator model
The normalization is
Ze 8
= A6
P =4 a*\/m(2 + 3w) (A6)
and the potential takes the form
erf(£) 2wexp (—’—i)
V(r) = —-Z @ — ol I A7
(r) a( r a\/z(2 + 3w) (A7)

where erf is the error function.

4. Fourier-Bessel expansion

The parameters a; (1 < k < n) are normalized by

_1 k+1 T
Zak Ze o3 (A8)
The potential is
———eZakk”kmsm@ r<R
V(r) = (A9)

—Za r>R

r
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The potential is

V(r) =

ﬁzﬂ
2r }/2 —|—2R%

k

2¥R
7 k{exp<_

N

5. Sum of Gaussians

[{ﬁ — 2R (r— Rk)}erf<

A ) (SR}

APPENDIX B: TABLE OF OUR RESULTS

(7‘ + Rk)z

r—R

) + {y% 4+ 2R (r + R Yerf (%Rk>

(A10)

TABLEIL Table of our results, showing for each stable isotope with Z > 1 and natural abundance above 1% the end point energy E, ,
and B coefficients as calculated using the various charge distributions.

El 4/MeV  Bpp/MeV~® Brg/MeV~0 Bsog/MeVo Byno/MeV—° Bopr3pr/MeV ™0 Bipg/MeV~
3He 104.150 2.53 x 10720
SLi 104.637 1.20 x 107" 1.29 x 1071
ILi 104.779 1.28 x 10717 1.31 x 1071
iBe 104.949 4.97 x 1071 4.96 x 1071?
1B 104.99 1.52 x 10718 1.56 x 10718 1.50 x 10'8
B 105.044 1.53 x 1078 1.52x 10718
e 105.059 3.55 x 10713 3.53x 10713 3.55 x 10718
e 105.097 3.56 x 10713 3.63 x 10718
"N 105.094 7.04 x 10718 7.13x 10718
o 105.106 1.22 x 10717 1.19 x 10717 1.20 x 107" 1.19 x 107"
PF 105.118 1.85 x 107" 1.87 x 10717
2Ne 105.081 2.79 x 10717 2.87 x 10717
2Ne 105.108 2.89 x 10717 2.89 x 1077
2Na 105.063 4.35x 107"
1Mg 105.011 6.17 x 10717 6.29 x 10717 6.10 x 1077
Mg 105.021 6.30 x 10717 6.08 x 10717
Mg 105.03 6.27 x 1077 6.52 x 10717 6.17 x 10717
Al 104.971 8.81 x 1077 8.91 x 107" 9.01 x 107"
28Si 104.906 1.17 x 1071 1.19 x 10716 1.17 x 10716 1.20 x 10716
#Si 104.914 1.17 x 10716 1.20 x 10716 1.20 x 10716
39Si 104.92 1.16 x 1071 1.14 x 1071 1.12 x 10716
P 104.85 1.50 x 10716 1.50 x 10716 1.50 x 10716
128 104.774 1.88x 1071 1.90x 1071 1.90 x 10716 1.92 x 1071°
%S 104.786 1.84 x 10716 1.84 x 10716
PCl 104.705 223 x 10710 222 x 10710
11Cl 104.714 2.19 x 10716 2.21 x 10716
1OAr 104.636 2.69 x 10716 2.70 x 10716 2.79 x 10716
9K 104.537 3.36 x 10716 3.40 x 10716 3.42 x 10716
ik 104.545 331 x 10716
49Ca 104.442 401 x 1071 4.09x 1071 4.04 x 1071° 4.02 x 10716
4Ca 104.456 3.85 x 1071
41Sc 104.357 4.59 x 10716
39Ti 104.254 5.24 x 10716
$Ti 104.256 5.30 x 10~16
48Ti 104.259 532x1071®  535x 107 4.94 x 10716
$Ti 104.26 5.41 x 1071
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TABLE 1. (Continued)

E,4/MeV  Bipp/MeV™®  Bpg/MeV™®  Bgog/MeV™®  Byuo/MeV™®  Boppjpr/MeV™®  Bipg/MeV™®
39Ti 104.263 543 x 10710 544 x107'°
v 104.154 6.33 x 107'° 6.24 x 10716
39Cr 104.039 7.09 x 10716 7.14 x 10716 7.23 x 1071
3iCr 104.043 718 x 10716 7.25x 1071 7.35x 1071
3iCr 104.045 7.14 x 10716 6.70 x 1071
SiCr 104.05 6.87 x 107¢  6.92 x 1071 6.98 x 10716
33Mn 103.933 7.95 x 107'°
S¢Fe 103.808 9.42x107"° 951 x 107" 9.45 x 10716
S6Fe 103.815 8.98 x 107'®  9.09 x 107 9.03 x 1071
3¢Fe 103.818 8.84 x 1071
3%Co 103.698 9.88 x 1071 9.83 x 1071 9.93 x 1071
38Ni 103.566 116 x 107 116 x 10715 1.15x 1071 1.16 x 10713
SONi 103.572 L11x 1075 1.12x 107 1.12 x 1071
SaNi 103.575 1.10 x 10715 1.11 x 1071
$2Ni 103.578 1.08 x 1075 1.10x 10715 1.09 x 10715
S5Cu 103.451 1.18 x 10715 1.18 x 10715 1.19 x 1071
$5Cu 103.456 L15x 1075 115%x 1078 1.16 x 1071
S8Zn 103.322 127 x 1075 1.31x 1071 1.29 x 1071
8Zn 103.327 124 x 107 1.30x 107" 1.28 x 10715
$0Zn 103.328 1.24 x 1071
$8Zn 103.331 122x 1075 124 x 1071 123 x 1071
$1Ga 103.198 133 x 1071
1IGa 103.202 131 x 1071
BGe 103.064 143 x 1075 146 x 1071 1.45 x 1071
13Ge 103.069 140 x 1075 142 x 1071 1.40 x 10715
13Ge 103.07 139 x 10715
14Ge 103.073 137 x 1075 1.39x 1071 1.35 x 1071
18Ge 103.076 136 x 1075 1.37x 10715 133 x 107
BAs 102.934 1.50 x 1071
1°Se 102.796 1.59 x 10715 1.50 x 10715
1iSe 102.797 1.59 x 10713
18Se 102.798 1.58 x 1071 1.49 x 1071
80Se 102.8 1.59 x 10715 1.60 x 10713
§2Se 102.802 1.59 x 10713 1.49 x 10713
12Br 102.655 1.72 x 1071
S81Br 102.656 1.72 x 10715
$0Kr 102.511 1.83 x 10717
§oKr 102.512 1.84 x 107
SoKr 102.512 1.85 x 10713
SeKr 102.513 1.84 x 10°1
80Kr 102.514 1.85x 107"
$Rb 102.364 2.00 x 1071
$7Rb 102.364 2.01 x 107"
8oSr 102.214 2.13x 1071
§1Sr 102.214 2.14 x 10715
s8Sr 102.215 2.15x 1071 2,18 x 1071 2.06 x 10713
%Y 102.062 2.30 x 1071 233 x 1071
oZr 101.909 244 x 107 246 x 107" 243 x 1071
WZr 101.913 239 x 10715 234 x 1071
¥Zr 101.918 232x 10715 236x 10715 2.37x 1071
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TABLE 1. (Continued)

E,4/MeV  Bipp/MeV™®  Bpg/MeV™®  Bgog/MeV™®  Byuo/MeV™®  Boppjpr/MeV™®  Bipg/MeV™®
0Zr 101.926 224 %1075 2.30x 1071 2.28 x 10719
oZr 101.932 2.19 x 10715 2.17 x 10713
2iNb 101.762 248 x 10715 2.48 x 10719
$Mo 101.595 2.73x 1075 277 x 1071 2.69 x 10719
3Mo 101.607 260x 1071 2.65x 1071
Mo 101.61 2.56 x 10719
Mo 101.616 249 %1075 257 x 1071
Mo 101.618 2.48 x 10719
Mo 101.624 241 x 1071 248 x 10715
1Mo 101.635 2291071 236 x 1071
%°Ru 101.286 2.91 x 1071
2Ru 101.296 2.78 x 1071
1Ru 101.3 274 x 10715
1PRu 101.306 2.67 x 10719
1%Ru 101.309 2.65x 10715
1PRu 101.316 2.57 x 10713
1%Ru 101.325 2.47 x 1071
1BRh 101.153 2.73 x 1071
192pd 100.978 3.00 x 10719
19%pg 100.988 289 x 10715 316 x 10715
195pg 100.99 2.86 x 1071
196pq 100.996 2.80x 1075 3.05x 10715
198pd 101.005 270 x 1071 2.84 x 10715
1%pd 101.013 2.62x 10715 278 x 1071 2.50 x 1071
9Ag 100.83 2.96 x 10719
1®Ag  100.838 2.88 x 1071
1%6cd 100.654 321 x 1071
180cd 100.67 3.04 x 1071 3.04 x 107
1led 100.673 3.01 x 1071
12cd 100.677 2.96 x 1071 2.90 x 1071
wcd 100.68 2.94 x 10715
wed 100.683 2.90 x 10719 2.82x 1071
weed 100.688 2.86 x 10719 2.79 x 10715
15In 100.506 3.15x 1071
107In 100.513 3.09 x 10713 3.03 x 1071
116Sn 100.341 3.26 x 10713 3.24 x 10713 331 x 1071
137Sn 100.344 3.24 x 1071 327 x 1071
18Sn 100.348 3.19 x 10715 3.22x 1071
1°Sn 100.35 3.17 x 1071 3.20 x 1071
120Sn 100.353 3.14 x 1071 3.16 x 10713
22Sn 100.359 3.08 x 1071 3.08 x 1071
134Sn 100.363 3.04 x 1071 2.97 x 1071 3.04 x 1071
121Sb 100.189 3.22x 1071
123Sb 100.193 3.18 x 1071
1227 100.024 329 x 10715
14Te 100.028 3.25x 1071
BTe  100.029 324 x 10713
126Te 100.032 321 x 1071
12Te 100.037 3.17 x 10713
13Te 100.04 3.14 x 1071
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TABLE 1. (Continued)

E,4/MeV  Bipp/MeV™®  Bpg/MeV™®  Bgog/MeV™®  Byuo/MeV™®  Boppjpr/MeV™®  Bipg/MeV™®
o 99.8644 330 x 107
128Xe 99.6974 338 x 1071
1¥%Xe 99.6977 338 x 107
130Xe 99.7001  3.35x 107
iXe 99.6999 336 x 1071
132Xe 99.7026 333 x 1071
4Xe 99.7051 331 x 10713
136Xe 99.7087 328 x 1071
133Cs 99.5307 345 x 1071
13Ba 99.3628  3.51x 107
35Ba 99.3617  3.52x 1073
136Ba 99.364 3.50 x 10719
13Ba 99.3633  3.51x 1071
13%Ba 99.3668 348 x 1071 3.47 x 10715
¥La 99.1928 359 x 10715 3.65x 10719
180Ce 99.0206  3.68 x 1071
187Ce 99.037 351 %x 1071
18Pr 98.8438  3.80 x 1071
BINd 98.6693 3.89 x 1071 4.04 x 10713
SBNd 98.6772  3.81 x 1071
JhaNd 98.6871 3.71 x 1071 4.14 x 1071
LNd 98.6939  3.65x 107
LoNd 98.7035 3.56 x 10713 3.92 x 1071
eo¥Nd 987213 339x 107 3.78 x 10715
LONd 98.7447  3.18 x 1071 3.55x 10715
A4*Sm 983182 4.07x 10715 3.98x 1071
4’Sm 98.3417  3.84x 10715
a8Sm 983512 3.75x 107 3.73x 10715
149Sm 98.3571 3.69 x 1071
139Sm 983728  354x 1075 3.68 x 10715
5Sm 983996  331x 107 344 x 1071
34Sm 98.4142  3.18x 1075 329 x 1071
S'Eu 98.194 3.65 x 10719
&’Bu 982317  332x 107
SiGd 98.0516 343 x 1071 359 x 1071
Gd 98.058 3.38 x 1071
53%Gd 98.0648  332x 1071
g'Gd 98.0668  3.30 x 1071
Siad 98.0748 324 x 107" 3.40x 1071
Gd 98.0858  3.15x 1071
13T 97.8224 399 x 107
Sopy 97.7249 336 x 1071
oipy 97.7258  3.35x 10715
Sy 977337 329 x 107
Spy 97.7356 327 x 1071
eipy 97.7438 321 x 107
%Ho 97.5416 348 x 1071 3.70 x 10719
Lo4pr 97.3778 343 x 107
L86gr 97.3873 336 x 10710 3.63x 107
17y 97.3906 333 x 10713
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TABLE 1. (Continued)

E,4/MeV  Bipp/MeV™®  Bpg/MeV™®  Bgog/MeV™®  Byuo/MeV™®  Boppjpr/MeV™®  Bipg/MeV™®
1eSEr 97.3969 328 x 10713
LOEr 97.4076 320 x 107
18Tm 97.1782  3.68x 107
10vb 97.032 3.48 x 1071
1Yb 97.0362  345x 1071
A 97.0431 339 x 10715
113Yb 97.0472 336 x 107
1%Yb 97.052 333x 10715 298 x 1071
1%Yb 97.0604 327 x 107
Lu 96.9069  3.14x 107  3.32x 107
M%Lu 969101  3.12x 107
176Hf 96.6831 3.53 x 1071
1THf 96.6852 351 x 1071
178Hf 96.6903 348 x 10717
1ToHf 96.6934 346 x 107
180Hf 96.6985 342 x 107
181Ta 96.5092  3.55x 10715
2w 963202 3.67x 107
15w 96.3248  3.64x 107
1w 963289  3.61 x 107 3.31x 1071
1w 96.3363 3.55 x 1071 3.24 x 1071
1$5Re 96.1295 381 x 107"
1¥Re 96.1386 374 x 10713
1%60s 95.9621  3.76 x 1071
1%70s 95.9644  3.74x 1071
18805 95.9698  3.70 x 10713 3.86 x 10713
1%90s 95.972 3.69 x 1071
12005 95.9762  3.66 x 10715 3.79 x 10713
120s 95.9821  3.62x 10715 3.68x1071°  3.69 x 1071
Bl 957727  3.88x 10715
231 95.7787 3.83x 1071
1Pt 95.6016  3.85x 1071° 423 x 10713
195pt 95.6048  3.83x 107
195Pt 95.6084  380x 107 4.07x1075 424 %1071
18Pt 95.6157 375 x 1071
197Au 954181 391 x 107"
s0°'Hg 952299  4.01x 1071
0 Hg 952311 4.00x 107
Hg 952387  3.94x 107
H'Hg 95.2417 392 x 1071
Hg 95.2483 3.87 x 10713
MHg 95.2578 3.81 x 1071
2511 95.0527  4.02x 1075 3.92x 1071
2511 95.0621  395x 107 3.86x107  3.85x 1071
2%Pb 94.8683  4.07x 107 4.03x 1071
299Pb 94.8786  4.00x 10715 3.94x1071°  3.96 x 1071 3.98 x 10719
27Pb 94.8828  397x 107 3.92x 1071 3.92x 1071
29%pPb 94.8899  392x1071  388x 1071  3.87x 1071
29Bi 94.7121 393 x 1071 387 x 1071 3.86 x 10713
22Th 93.6143 3.07 x 1071
3’0 93.3036  2.85x 1071 4.07 x 1071
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